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INTRODUCTION 
The Problem 
Modern agriculture involves the judicious use of energy as 
fertilizers, pesticides, in mechanization, and in other forms to increase 
yields, reduce drudgery, and expedite timely field operations. Countries 
with advanced agricultural systems such as the United States have now 
became heavily dependent on petroleum products and natural gas (Stout, 
1985). Adequate and continuous availability of these fuel sources has 
become essential in order to produce the food supply to which these 
countries have been accustomed. If for some reasons the availability of 
the fuels were interrupted or delayed during a short period of time when 
crops were to be planted or harvested, a whole year's crop could be in 
jeopardy. 
For the past decades, the social and economic development of most 
nations throughout the world was accompanied by an increase in the demand 
of energy. As more and more nations emerged as industrialized societies, 
the accompanying demand for energy resulted in a continuing tightening of 
available energy supplies, with a corresponding escalation of energy cost 
(Ryan III et al., 1980). A report from the Alternative Fuel Committee of 
the Engine Manufacturers Association (1979) indicated that altiiough today 
there were ample supplies of fuels derived from petroleum, the rate at 
which the world petroleum demand was increasing was such that an adequate 
supply could only be assured until about 1990. The report indicated that 
beyond 1990 it would be necessary that alternative sources of liquid 
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fuels be on-stream in increasing quantity. The world supply of petroleum 
fuels would become critical in the time frame of 2000 to 2025 if 
alternative fuels were not available in sufficient quantities to meet 
this demand. 
Stout (1985) emphasized the urgency of finding alternative fuel 
resources for the following reasons: 
1. The Soviet Union, which was once the world's largest oil 
supplier, has reduced its production. 
2. Consumption within the Organization of Petroleum Exporting 
Countries and the Third World has been continuously increasing. 
3. The United States has been also increasing its oil imports. 
4. North Sea oil production is fallen drastically in this 
decade. 
A series of embargoes, strikes, and wars that occurred reminded us 
how quickly the energy picture could change. Kaufman and Pratt (1981) in 
their recent view on energy quoted: 
"During the 1970s Americans had to face harsh truths about their 
energy future. The beginning of the decade saw declining production 
of domestic oil and natural gas combined with increasing oil 
imports. The 1973-74 oil embargo spelled an abrupt end to the era 
of cheap energy; petroleum supplies were cut and prices rose to 
what were then considered unbelievable levels. Consumers reacted 
by using less high priced oil and with this moderation of demand, 
prices eased. By the mid 1970s there again seemed to be a 
comfortable margin between world oil demand and potential world 
supply, and many felt that this margin would exist well into the 
1980s. Another political shock, the Iranian revolution, erased the 
supply and demand balance, and prices rose sharply." 
The threat of extended shortages still remains a possibility 
although current petroleum prices are quite low. Butler (1985) stated 
that the low prices are not due to the exploration of new fields, but 
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because of increased drilling activities within the old wells. He is 
pessimistic concerning the potential of possible oil-rich areas off the 
Atlantic Coast and in Alaska. 
Alternative Sources 
The needs of becoming energy self-sufficient and less dependent on 
uncertain sources of imported oil and therefore less vulnerable to 
shortages, embargoes or geopolitical considerations has accelerated the 
search for various alternative sources for petroleum-based liquid fuels 
in United States (Baranescu and Lusco, 1982b). Ryan III et al. (1980) 
anticipated that of the three forms of alternative fuels, liquids, 
emulsions, and slurries, liquids would be the preferred fuel form for the 
present internal combustion engines. They added that the formulation 
techniques of the emulsion form were complex, and with slurries there 
were problems concerning stability, pumpability and combustion of the 
fuel in the engine. 
Worgetter (1981) specified that any alternative fuel for an engine 
could only be recommended if the following conditions were satisfactorily 
met: 
1. There must not be any problem in the operation. Their use 
should not reduce the engine life span or increase engine 
repair cost drastically. 
2. The production, transportation, storage and utilization of the 
fuels should not be hazardous to human beings and the 
environment. 
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3. They should be cheap, abundant and in stable supply, and 
renewable where mass production was possible. 
Interest in finding alternative sources of fuel had been 
particularly strong in connection with agriculture. Agriculture today 
has not prepared for energy shortages. Energy conservation measures have 
only limited effects in alleviating such problem. Development of 
agriculturally derived fuels offers a possible solution to energy 
shortages especially for countries rich in oleaginous plants but with no 
petroleum resources. As a consequence, farmers could benefit by taking 
on an additional production activity as well as by reducing their 
dependence on a purchased input (Lockeretz, 1981). 
The moral issue of producing fuel from food crops had presented a 
major problem to various countries. Some argued that in a world with 
future food shortages and malnutrition, food should not be burned for 
fuel. However, some countries with a surplus of grain were facing fuel 
problems and depressed market price of their grains. To them, it might 
become a situation of no fuel, no food grain. They foresee an additional 
market for their grain if it is feasible to use them as fuels (Bruwer and 
Hugo, 1981). 
Ethanol would unlikely be a viable or practical alternative fuel for 
farming due to its unsuitability for diesel engine operations (Mayfield, 
1982). Ethanol has been marginally economical because of its high 
production cost. The cetane rating of ethanol is very low which results 
in diesel engine knocking due to a longer ignition delay before 
combustion begins. The above problems, plus its low specific energy 
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content suggested that researchers should look for other possibilities 
for fuels (Quick, 1980b). 
Vegetable Oil as Fuel 
Over the past few years much interest has been generated in the use 
of vegetable oils as an alternative to diesel fuel. Quick (1980a), 
Bruwer and Hugo (1981), and Pryde (1984a) listed the following advantages 
of these oils for diesel fuels: 
1. Vegetable oils are renewable resources with a favorable energy 
input/output ratio; unless produced on irrigated land. 
2. Their production could rapidly be increased within a short 
period of time (one season). 
3. Some of the plants are drought resistant, and thus have the 
potential of making marginal lands productive. 
4. They are safer to store and handle. 
5. They consume less energy in production, have higher specific 
energy content, and have cleaner emissions than ethanol. 
A number of short-term engine tests have shown that these oils are 
promising as an alternative fuel source. However, long-term engine tests 
indicated intense fuel injector fouling, sticking of piston rings, heavy 
gum deposits on cylinder walls, and lubricating oil contamination and 
thickening; all of which contributed to engine mechanical difficulties 
(Pryde, 1981). These problems were related to high viscosity and non-
volatility of the oil, the presence of highly reactive unsaturated fatty 
acids in their chemical structure, and the presence of minor component 
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such as phosphatide (Engler et al-, 1985a). The high viscosities of 
vegetable oils altered spray characteristics which resulted in inadequate 
fuel atomization and incomplete combustion in the engine (Varde, 1984). 
Therefore, some of the oil would impinge on the cylinder walls before it 
was consumed, resulting in increased fuel blow-by into the crankcase or 
gum formation on the walls. 
Most of the investigations so far have emphasized modifying the oils 
to work in existing engine designs. Little work has been done to assess 
how changes or modifications in the engine for use with vegetable oil 
could influence the engine performance, since it was unlikely that engine 
manufacturers would build engines specially for a limited vegetable oil 
fuel market. However, it is possible that relatively inexpensive 
modifications or adjustments could be made to existing engines to 
overcome the problems discussed earlier when running engines on vegetable 
oil. It was for this and other reasons previously mentioned that 
research concerning vegetable oil as an alternative fuel was reinitiated 
in 1987 at the Iowa State University, Agricultural Engineering 
Department. 
Objectives of the Study 
Two approaches were investigated for the purpose of overcoming the 
poor combustion, and intense deposits and contamination associated with 
the use of vegetable oil as diesel fuel. The first approach was to 
investigate the use of fuels with high saturation levels. For this 
reason, two sources of alternative fuels of distinct saturation levels 
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were evaluated. The fuels were soybean oil and animal tallow, both in 
ester forms. The second approach was to vary the operating conditions of 
the test engine. The adjustments to be carried out involved increasing 
the injection pressure and advancing the injection timing from the normal 
settings specified by the manufacturer. 
Soybean oil was chosen because, according to Kaufman (1984), it is a 
renewable crop with known production practices. The oil extraction 
process results in a valuable high protein meal as the major co-product. 
Soybean plants also supply most of their own nitrogen through nitrogen 
fixation, thus reducing the fertilizer energy required to produce oil. 
It is also the world's leading edible vegetable oil, accounting for 1/3 
of the total (Lockeretz, 1981). Goering and Daugherty (1982) indicated 
that among the 11 vegetable plants analyzed, soybean was considered as a 
leading candidate for engine fuel because it was the cheapest, most 
abundant, had highest output/input ratio and had a good energy yield per 
acre. 
Animal tallow was selected because these fats naturally have a much 
higher degree of saturation than most vegetable oils. Tallow does not 
contain gums and waxes that must be refined from vegetable oils, and 
certain quantities would be immediately available in storage tanks at the 
onset of a fuel shortage (Engler et al., 1985a). Furthermore, inedible 
animal tallow was traditionally (see Figure 1) cheaper than soybean oil 
(cheapest vegetable oil). 
The specific objectives of this investigation were as follow: 
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Diesel, Soybean Oil & Inedible Tallow 
S 
N 
7 J I 
N 
\I 
D\^ 
T 
82 
S 
n 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\T 
1:1 
d K ^  
\g D i 
\ 
\ 
N 
\ 
81 83 84 85 
I 
87 
YEAR 
Figure 1. United States average sale prices of No. 2 diesel (D), soybean 
oil (S), and inedible tallow (T) (USDA, 1987; DOE, 1987) 
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1. To characterize the physical and chemical properties of the 
two ester fuels. 
2. To evaluate the effects of unsaturation levels of the ester 
fuels on the engine performance, injection and combustion 
characteristics, and exhaust emission properties. 
3. To evaluate the effects of operating a diesel engine at higher 
injection pressure and/or advanced injection timing on the 
performance, injection and combustion characteristics, and 
exhaust emission properties of the two ester fuels. 
Procedures for this Study 
The procedures adopted for this study were: 
1. Use of refined soybean oil that had been filtered, dewaxed and 
degummed to eliminate the wax and phosphatide components which 
were believed to be a cause of fouling of fuel injectors, 
pumps, and filters. 
2. Transesterification of the soybean oil and animal tallow to 
reduce fuel viscosity for proper fuel atomization. 
3. Increased injection pressure of the engine fuel injector to 
improve the fuel atomization to promote more complete 
combustion. 
4. Advanced injection timing of the engine fuel injector to 
provide additional time for more complete mixing and 
combustion. A good combustible fuel would not be totally 
burned if there were not enough time for the fuel to mix 
completely with air inside the combustion chamber. 
Results of the entire investigation were expected to be useful in 
solving problems related to the inadequate atomization and incomplete 
combustion of vegetable oil fuel so as to reduce the engine mechanical 
difficulties that had been earlier defined. Consequently, additional 
information on the performance of alternative fuels in diesel engines 
would be obtained. 
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REVIEW OF LITERATURE 
Research on Vegetable Oil Fuels 
History records that Dr. Rudolph Diesel, the inventor of the diesel 
engine, used peanut oil to fuel one of his engines at the Paris 
Exposition in 1900 (Nitscke and Wilson, 1965). Intermittently since 
then, there were a number of investigations conducted in Argentina, 
Belgium, China, France, Italy, and Japan on the use of vegetable oils as 
fuels for diesel engines. Varying degrees of success were achieved when 
substituting vegetable oils either completely or partially for diesel 
fuel (Wiebe and Nowakowska, 1949). Engler et al_. (1985a) stated that the 
major reason for the contradictory conclusions from these early studies 
was because very few data were recorded regarding the chemical and 
physical characteristics of the oils tested. In addition, they indicated 
that there was a greater variability in the construction of early test 
engines than had been the case more recently; instrumentation was less 
accurate; and operating conditions such as ambient temperature and 
barometric pressure, which were later known to affect performance, were 
not reported. 
Interest in using vegetable oil as diesel fuel was again renewed 
during the period of petroleum shortages in the early 1970s. Within this 
period, most of the research done was performed in countries which had 
little or no petroleum resources, such as South Africa, Australia and New 
Zealand (Ryan III et ^ ., 1982). In the United States extensive research 
was undertaken at North Dakota State University, Texas A&M University, 
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University of Idaho, University of Illinois, Southwest Research 
Institute, Northern Regional Research Center, and by several engine 
manufacturers, including International Harvester, John Deere, 
Caterpillar, and Perkins. These universities and companies were involved 
in active programs pertaining to vegetable oil varieties and sources, 
physical and chemical characterization, engine performance, and engine 
life and durability. In parallel, research was also carried out to 
determine the availability potential of vegetable oil plants, the cost of 
processing the oil, the impact in the energy scenario, the practicality • 
of oil fuels in normal or emergency situations, the price, and the right 
balance between food and fuel (Baranescu and Lusco, 1982a). 
Public commitment to vegetable oil fuel programs has now declined 
because of today's temporarily low petroleum prices. A survey by 
Peterson (1985) showed that most vegetable oil research programs had 
terminated, were redirected, or were currently working with drastically 
reduced funding. He indicated that it would take another energy crisis 
to renew interest and restart serious investigations in the future. A 
recent report by Goering et (1987) indicated that there is still a 
need for a continued and concentrated research effort before concrete 
conclusions could be drawn on the potential of the vegetable oil fuels. 
Structural Composition and its Significance 
Diesel fuel has straight or branched chain configurations, composed 
mostly of saturated hydrocarbons. Vegetable oils are predominantly 
(i.e., about 95%) triglycerides of a structure illustrated in Figure 2. 
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The remaining percentage of the vegetable oils consist of waxes, sterols 
and tocopherols. Animal tallow has a structural composition similar to 
vegetable oil, with the exception of not containing waxes. The fatty 
acids that make up the triglyceride structure of any vegetable oil or 
animal tallow vary in their carbon chain length and in the number of 
double bonds (Sonntag, 1979a). 
DeMan (1980) mentioned that the fatty acid composition of the 
vegetable oils is influenced by conditions such as crop variety, climate, 
and soil type, and for the animal tallow is greatly influenced by the 
feed type. He classified vegetable oils into the following three groups 
on the basis of their fatty acid compositions: 
1. Oil with mainly saturated fatty acids with 12, 14, or 16 carbon 
atoms e.g., coconut oil, palm oil, and cocoa butter, 
2. Oil with mainly unsaturated fatty acids with 18 carbon atoms 
e.g., cottonseed oil, peanut oil, sunflower, soybean oil etc., 
and 
3. Oil with mainly unsaturated fatty acids with 22 carbon atoms 
e.g., rapeseed and canola. 
Sonntag (1979b) quoted: 
"Of the 250,000 species of plants known to botany of which perhaps 
4,500 species were examined, only 100 species are presently known to 
be oil bearing with sufficient oil content to warrant commercial 
interest. Of the 100, about 22 vegetable oils are commercially 
developed on a large scale today, and 12 of them constitute more 
than 95% of the reported annual world vegetable oil production" 
Table 1 lists the 12 oil bearing vegetable plants with their 
respective oil content and iodine value. The iodine value (IV) 
corresponds to the unsaturation degree of the oils. A vegetable oil with 
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CHzOzCRi 
R2C02ci 
CH2O2CR3 
Figure 2. Structural formula of a typical triglyceride; 
where , R2, R3 represent the chains of 
fatty acids 
Table 1. Oil bearing vegetable plants with their respective percent oil 
content and iodine value 
Oil bearing material Percent oil content Iodine value 
Copra 65-68 7-13 
Babassu 60—65 13-18 
Sesame 50-55 104-118 
Palm fruit 45-50 45-56 
Palm kernel 45-50 14-24 
Ground nut (peanut) 40-45 84-102 
Rapeseed 35-45 97-110 
Sunflower seed 30-35 122-139 
Safflower seed 30-35 138-151 
Olive 25-30 76-90 
Cottonseed 18-20 99-121 
Soybean 18-20 125-138 
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a higher iodine value, or more double bonds, has a higher degree of 
unsaturation. 
Loeffelman and Auld (1985) demonstrated the feasibility of modifying 
the fatty acid composition of the vegetable oils through modern 
techniques of bio-technology. They identified the properties needed for 
food, and for industrial and fuel grade oils, and they developed crops 
specially selected for each of their uses. They mentioned that similar 
studies were also underway with other potential vegetable oil crops in 
other parts of the world. 
Auld et al. (1982) indicated that the viscosity of vegetable oil 
increases with increased saturation degree of the oil. Their study with 
several cultivars of winter rape, safflower and sunflower oil, showed 
that the variation in their viscosity were due to fatty acid chain 
lengths, the number of unsaturated bonds, and the interactions between 
these two components. 
Bertram (1946) developed an equation to calculate the heating value 
of vegetable oils. He indicated that the heating value decreases with 
increasing unsaturation as the result of fewer hydrogen atoms, and 
decreases with increasing saponification value or decreasing molecular 
weight, according to the following relationship: 
HHV = 11380 IV - 9.15 SV 
where: 
HHV = High heating value, cal/gm 
IV = Iodine value, and 
SV = Saponification value. 
16 
Pryde (1981) reported that the measured gross heating values 
corresponded fairly well with the calculated values from Bertram (1946). 
He reported the following order of heating values for the various 
vegetable oils from highest to lowest: 
Rapeseed > olive > peanut > sunflower > soybean > palm > corn > 
cottonseed > safflower > linseed > palm kernel > babassu > coconut 
He mentioned that of the listed 13 vegetable oils, the most 
frequently considered as alternative fuels so far were sunflower, 
soybean, cottonseed, peanut, safflower and rapeseed. 
Engine Performance 
Almost every short-term engine test with vegetable oils to this date 
had presented a slight power drop, and an increase in fuel consumption as 
compared with diesel fuel. The tests, which usually lasted for only 
several minutes to several hours, did not indicate any engine problems 
with the vegetable oils. However, long-term endurance tests of the 
vegetable oils in diesel engines have presented significant performance 
deterioration and serious durability problems with the engine. Lipinsky 
et (1982) listed the following major problems with vegetable oil as 
fuel in long-term engine endurance tests: 
1. Clogging of fuel lines and filters with fines, phosphatides 
gums, waxes, or high melting point unsaturated fats. 
2. Polymerization or partial oxidation of oil during storage, 
which could increase viscosity or cause additional clogging 
problems. 
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3. Thermal or free radical polymerization in the combustion 
chamber, causing varnish formation and other deposits on 
cylinder walls and pistons. 
4. Poor ignition and combustion characteristics caused by improper 
atomization. 
5. Increased coke formation. 
6. Polymerization of fuel blowby, which caused thickening and/or 
increased solid contamination of lubricating oil. 
Reports comparing different types of vegetable oil in a single test 
engine showed wide differences in performance and durability 
characteristics. These differences were likely related to the oil 
chemical or physical properties such as viscosity, fatty acid 
composition, degree of unsaturation, molecular weight and content of 
minor compounds. Engler et al. (1985a) mentioned that the acceptability 
of vegetable oil fuels required all durability problems to be more 
thoroughly defined and, if serious, reduced or eliminated. 
Severe durability problems with engines operating on vegetable oil 
fuels have been related to high oil viscosity. The high viscosity of the 
vegetable oils resulted in increasing the spray droplet size and reducing 
the spray angle. A spray of such characteristics gives poor combustion, 
with a subsequent low output power and poor fuel economy. Poor 
combustion with the vegetable oil fuels was usually associated with the 
formation of deposits and the fuel dilution of the lubricating oil. The 
occurrence of fuel dilution gave rise to excessive thickening of 
lubricating oil and the consequent failure to assure adequate engine 
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lubrication. High viscosity of the vegetable oil was also shown to 
significantly affect the engine's injection system operating 
characteristics, such as pump performance, system pressure, valve opening 
pressure, and injection timing (Barsic and Humke, 1981b; Kusy, 1982; Ryan 
III and Callahan, 1984). 
Several methods have been investigated to reduce the viscosity of 
vegetable oil when used as fuels in diesel engines. Pryde (1984a) listed 
the following four methods: 
1. Blending the vegetable oil with diesel fuel or other petroleum 
products forming hybrid fuels. 
2. Forming microemulsions with aqueous ethanol. 
3. Preheating the vegetable oil to a sufficiently high 
temperature. 
4. Converting vegetable oil to simple esters of methyl, ethyl, or 
butyl alcohols. 
Besides the four listed methods. Quick (1980a) included cracking 
(pyrolysis) and hydrogénation as two other means of modifying vegetable 
oil properties. He also suggested the use of a dual fueling system, 
injection system modification, and conversion to indirect injection as 
potential solutions for the problems discovered on the endurance tests. 
Performance of Crude Vegetable Oils 
Walton (1938) compared 20 different vegetable oil fuels to diesel 
fuel in a 6 cylinder direct injection engine. Palm, soybean, cottonseed, 
and peanut oils were considered as the most promising fuels among the 20 
vegetable oils tested. Results showed an average 9% decrease in maximum 
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power output and 7.5% increase in volumetric specific fuel consumption. 
Aggarwal et al. (1952) in their study of 11 different vegetable oil fuels 
showed an average of 7% decrease in maximum power output. The vegetable 
oils tested and their respective power reductions in comparison to diesel 
fuel were: cottonseed (0%), rapeseed (1.3%), coconut (2.6%), peanut 
(2.6%), sesame seed (5.1%), k'aranj (6.4%), pannalor undi (7.7%), polang 
(7.7%), mahua (10.2%), kapok (11.5%), and castor (12.8%). The test 
engine was a single cylinder with a power rating of 8 hp at 1200 rpm and 
a compression ratio of 15:1. 
Quick (1981) summarized 22 short term tests conducted at 12 
locations worldwide in which vegetable oils were compared to diesel as 
fuels. The maximum engine power with the vegetable oil fuels ranged from 
91 to 109% of the diesel. The vegetable oils tested were rapeseed, 
soybean, sunflower, peanut, palm kernel, jojoba, coconut, linseed, and 
canola. The volumetric specific fuel consumption and thermal efficiency 
with vegetable oil fuels as summarized from the study by Braun and 
Stephenson (1982), Barsic and Hutnke (1981a), Vinyard et al. (1982), and 
Yarbrough et aj. (1982) were respectively in the range from 110 to 120% 
and 90 to 110% of the diesel. Field tests of 9 different tractors of 
varying models and makes operating on degummed sunflower oil fuels by 
Bruwer et al_. (1981) showed an average of 3.1% decrease in maximum power 
output, 7.1% increase in volumetric specific fuel consumption and 0.3% 
increase in brake thermal efficiency over the same tractors operated on 
diesel fuel. 
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Studies on the exhaust emission quality of vegetable oil fuels 
indicated similar (Fort et al., 1982) or a slight decrease (Barsic and 
Humke, 1981b; Varde, 1984) in the oxides of nitrogen, similar (Fort et 
al., 1982) or a slight increase at higher engine loads (Barsic and Humke, 
1981a; Varde, 1984) in the hydrocarbon emissions, similar (Fort et al., 
1982) or an increase at light and medium engine loads and a decrease at 
higher loads (Barsic and Humke, 1981a) in the carbon monoxide emissions, 
and a consistent 10 to 15°C increase in the exhaust temperature of the 
vegetable oil fuels over the diesel (Varde, 1982). 
Varde (1982) mentioned that the combustion time with vegetable oil 
was longer than with diesel fuel, and as a result relatively more energy 
was lost in the exhaust due to the poorer fuel atomization and lower heat 
release rates. Poorer fuel atomization of the vegetable oil fuels 
resulted in the reduction in air entrainment and fuel-air mixing within 
the spray envelope. 
McCutchen (1981) experienced some dripping of vegetable oil fuel 
from the exhaust stack and fuel dilutions in the crankcase at idle 
operation when running a turbocharged direct-injection diesel engine on 
soybean oil. The engine was reported to have developed a misfire and was 
not able to carry full load after 110 hours of operation. The test was 
again resumed with a new set of injector nozzles. At 130 hours, a piston 
seized and broke. The top side of the cylinder head under the valve 
cover was found to be coated with a mixture of polymerized vegetable oil 
and lubricating oil. Similarly, Quick et al_. (1983) reported that their 
single cylinder direct injection engine operating on linseed oil had 
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difficulties in restarting, whether the oil was cold or preheated. They 
reported that as the test proceeded, smoke density increased, exhaust 
emissions became more acrid and objectionable, and severe fouling of the 
injectors, piston, valves and ports occurred. They reported a 10% power 
loss after 7 hours of operation at maximum torque setting and a loss of 
more than half the initial start-up value after 16 hours of operation. 
They classified linseed oil as the worst candidate alternative fuel for 
used in a diesel engine. 
Performance of Vegetable Oil Blends 
Fort and Blumberg (1982) found that increasing the fraction of the 
vegetable oil in blends with diesel fuel, increased the fuel's viscosity 
and density. They claimed that a significantly lower cetane number and 
higher values of both the flash and cloud point resulted from blending 
vegetable oil with diesel fuel. 
Varde (1982), and Barsic and Humke (1981a) studied the spray 
characteristics of vegetable oil-diesel blends. Varde (1982) indicated 
that increasing the fraction of vegetable oil in the blend increased the 
injection duration and decreased the resulting spray cone angle, Barsic 
and Humke (1981a) indicated that the sauter mean diameter at 100 C of the 
50:50 blend of sunflower oil in diesel fuel and the crude sunflower oil 
were respectively on average 1.4 and 1.8 times larger than the sauter 
mean diameter of diesel fuel. They defined the sauter mean diameter as 
the ratio of fuel droplet volume to droplet surface area. 
Goodiers et aj. (1980) reported no power loss with 10% and 25% 
sunflower oil in diesel but a loss of 1.2%, 3.2% and 8.6% were noted at 
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rated engine speed as the fraction of the sunflower increased to 50%, 75% 
and 100%, respectively. Increasing the fraction of vegetable oil in the 
blend increased the engine fuel consumption proportionally, except at low 
operating speed (Vinyard et al., 1982). The engine's brake thermal 
efficiency decreased with increasing fraction of vegetable oil in the 
blend (Barsic and Humke, 1981b). 
Baranescu and Lusco (1982b) indicated that blended fuel brought 
about an increase in injection pressure, longer injection duration, early 
needle opening, and delayed needle closing; all of which resulted in 
longer combustion duration. They said that the longer injection period 
could be attributed to high fuel viscosity which reduced fuel leakage in 
the plunger of the injection pump. They claimed slightly better power 
and thermal efficiency with the blended fuels near maximum operating 
speed than at low engine speed because of the failure to achieve complete 
fuel vaporization and combustion at the low speed. 
Ziejewski and Kaufman (1982) reported greater standard deviation in 
all the measured performance parameters, compared to diesel fuel 
operation, when running a 4 cylinder turbocharged direct injection engine 
on 25:75 blend of alkali refined sunflower oil (IV=133) in diesel in a 
standard 200 hour endurance test. They reported erratic deterioration of 
the fuel injector system including sporadic nozzle needle sticking, 10 to 
15% drop in nozzle opening pressure, secondary injection, and heavy 
deposit buildup in the combustion chamber. No major problems and 
insignificant performance differences compared to diesel fuel were 
23 
reported following the test with 25:75 blend of high oleic safflower oil 
(IV=92) in diesel. 
Msipia et al. (1983) developed a mathematical model to predict the 
maximum concentration of soybean or sunflower oil in diesel blends that 
would permit adequate spray atomization. They specified a maximum limit 
of 34% in the fraction of vegetable oil blended with diesel fuel if 
proper atomization was to be achieved in a typical direct injection 
diesel engine. Injection timing was the most influential of the many 
parameters studied in determining the limits. The allowable 
concentrations of vegetable oils decreased as injection advance 
increased. 
Van der Walt and Hugo (1981) tested 4 different tractors of 
different models and makes with 20:80 blend of degummed sunflower oil in 
diesel. They reported power losses ranging from 4.7 to 7.4% from the 
initial value after 361 to 392 hours of operation with all the tested 
tractors. None of the four tractors were reported to complete more than 
400 hours without intense injector choking and sticking piston rings. 
Fishinger et al. (1981) reported successful operation of a bus with 
2 cycle GM engine running with a 20:80 blend of waste frying soybean oil 
in diesel. No engine damage or excessive carbon deposits were reported 
during the short-test period. However, a higher smoke level was reported 
during cold weather with waste soybean oil alone. They postulated that 
hydrolysis from water in the food to be fried could occur, resulting in 
the formation of free fatty acids and glycerol that could result in high 
engine corrosion during long term operation. 
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Performance of Microemulsions 
Microemulsions are transparent, thermodynamically stable colloidal 
dispersions of vegetable oil in ethanol. A suitable surfactant is used 
in the preparation of the mixture to reduce the interfacial tension 
between the dispersed phase aqueous ethanol and continuous phase 
vegetable oil. The patent no. 4,451,267 titled "Microemulsions from 
vegetable oil and lower alcohol with octanol surfactant as alternate fuel 
for diesel engine" was granted to Arthur W. Schwab of the Northern 
Regional Research Center at Peoria, IL (Peterson, 1985). 
Goering et (1982b) reported that microemulsions were an 
improvement over crude vegetable oil as far as the physical properties 
were concerned. The mixture was reported low in viscosity, stable at a 
temperature as low as -10°C without continuous agitation, and safer to 
handle than the ethanol fuel. They claimed a preference for the 
microemulsion over the vegetable oil-diesel fuel blends simply because 
the former is a nonpetroleum hybrid fuel that completely eliminates the 
direct dependence on petroleum. 
Short-term performance tests of both ionic and nonionic 
microemulsions of soybean oil and ethanol were conducted by Goering et 
(1983). Engine performance with the nonionic microemulsions was 
better than with the ionic microemulsion because of its slightly lower 
viscosity. The nonionic microemulsion burned leaner with a 6% higher 
brake thermal efficiency, 16% higher brake specific fuel consumption and 
produced nearly as much engine power as diesel fuel despite having a 19% 
lower heating value. 
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A 200 hr Engine Manufacturers Association (EMA) cyclic laboratory 
screening endurance test on a turbocharged, intercooled, direct injection 
4 cylinder Allis-Chalmers diesel engine fueled with a nonionic 
microemulsion, by volume 53.3% sunflower, 13.3% 190 proof ethanol and 
33.4% 1-butanol was conducted by Ziejewski et al. (1984). The 
microemulsion fueled engine showed no significant deterioration in 
performance over the test periods, but gave problems like sporadic 
sticking of injector needles, heavy carbon deposits, incomplete 
combustion, dilution and increasing viscosity of lubricating oil. The 
researchers concluded that the microemulsion fuel studied could not be 
recormnended for long-term use with direct injection diesel engines. A 
similar long-term test with a nonionic microemulsion, by volume 25% 
soybean oil, 50% diesel fuel, 20% 1-butanol and 5% 190 proof ethanol was 
reported by Qoering and Fry (1984). The tested microemulsion fuel was 
reported to perform better than the 25:75 blend of sunflower oil in 
diesel fuel in an almost similar engine tested by Ziejewski and Kaufman 
(1982). Goering and Fry concluded that better performance was attributed 
to the solvent action and cooling effect of the alcohols in keeping the 
injector tips from fouling. 
Faletti et al. (1984) mentioned that the microemulsion fuels burned 
with high rates of initial or premixed burning and lower rates of 
diffusion flame, resulting in higher brake thermal efficiency, cylinder 
pressures and rate of pressure rise than diesel. The crude vegetable 
oils, as mentioned by Barsic and Humke (1981b), had lower rates of 
premixed burning and a higher rates of diffusion flame. Faletti 
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explained that the addition of alcohols to the fuel apparently caused the 
premixed burning to proceed at a faster rate. He further stated that any 
fuel for diesel engines should have rapid premixed burning and a slower 
diffusion burning. 
Performance of Preheated Vegetable Oils 
Bruwer et (1981) found that the viscosities of vegetable oils 
were more temperature dependent than that of diesel fuel. They indicated 
that sunflower oils were about 10 times more viscous at 40'C and about 30 
times more viscous than diesel fuel at 0°C. Preheating the vegetable 
oils according to Ryan III et al. (1982) to 145°C i.e., to the conditions 
at which their viscosities were approximately equal to that of the diesel 
fuel at 40°C, reduced the carbon deposits and offered satisfactory 
performance with a 6 cylinder direct injection engine. Their injection 
studies with a high pressure, high temperature injection bomb indicated 
that the penetration rates and the vaporization of the vegetable oils 
were greatly enhanced by raising oil temperature to 145'C. In contrast, 
they observed a decrease in the penetration rate and an increase in the 
spray cone angle as the viscosity of diesel fuel was reduced by 
increasing the fuel's temperature. 
Quick et al. (1982), on the contrary, reported that there was no 
apparent difference in performance and coking propensity between running 
linseed oil that was preheated to 85°C as compared to running the same 
oil at ambient temperature. Wagner and Peterson (1982) in their study 
indicated that heating the fuel at the injector pump did not result in a 
corresponding increase in injector fuel temperature. They experienced 
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rapid transfer of heat away from the injectors to the engine head and 
away from the fuel lines. They said that a 77"C increase in fuel 
temperature at the injector pump resulted in only 25'C increase at the 
injector. 
Performance of Ester Fuels 
Transesterification involves the reaction of the vegetable oils with 
ethanol or methanol in the presence of a catalyst to produce glycerol and 
fatty acid esters (DeMan, 1980). It produces two effects in improving 
the physical properties of the vegetable oil fuels. The first effect is 
the reduction in molecular weight to approximately 1/3 that of the 
original triglyceride. The second effect is the conversion of long 
branched molecules into shorter, straight-chain molecules (Engler et aj., 
1985a) 
Pischinger et al_. (1982), Pryde (1981), Romano (1982) and Wagner et 
al. (1984) claimed that transforming a vegetable oil to its corresponding 
esters so far appeared to be the best alternative fuel for the present 
diesel engine. They found that the fuel characteristics of the resultant 
ester fuel were much closer to diesel fuel as compared with the crude 
vegetable oils and any other oil derivatives. 
Hawkins and Fuis (1982) stressed the need to exercise quality 
control in preparing vegetable oil esters for fuels. They listed the 
following areas for attention: 
1. Transesterification yield should be at least 90%. Poor yield 
could result in injector coking and poor combustion with 
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subsequent exhaust dribbling, crankcase dilution and carbon 
residue formation. 
2. The resultant ester fuels should be as chemically neutral as 
possible, with pH between 5 and 8. A high acidity could result 
in serious corrosion in the presence of free water, and a high 
alkalinity could lead to serious corrosion of aluminum parts. 
3. The ester should be free of water. 
4. The ester should be free of catalyst residues, so as to lower 
the ash contents of the fuels and reduce fuel system corrosion. 
5. The esters should be free of alcohol, since excessive free 
alcohol had detrimental effect on the combustion properties and 
safety in storing and handling the fuel. 
Freedman and Pryde (1982) showed that transestrification of soybean 
or sunflower oil to their corresponding methyl ester required at least a 
4:1 molar ratio of methanol to vegetable oil for a 99% complete 
conversion. They reported that considerable quantities of mono- and di-
glycerides were produced when a lesser amount of methanol was used. 
Sodium hydroxide was suggested by them as the best catalyst choice 
because of its low cost and effectiveness at low concentration. Their 
recommended transestrification method was successfully performed at a 
moderate temperature of 32'C in about 4 hours. 
Pischinger et al. (1982) stated their preference for methyl ester 
over the ethyl ester as diesel fuel substitute because the latter 
demanded more processing steps and had higher costs. They indicated that 
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the separation of the glycerol by-product occurred more readily in the 
production of the methyl ester. 
Hawkins and Fuis (1982) reported 0.36 to 2.96% higher average brake 
thermal efficiency with methyl and ethyl esters of sunflower, cotton, 
corn, peanut, and castor oil over that of diesel fuel; with ethyl soyoil 
ester showing the largest and methyl castor ester the smallest increase. 
They also reported 7.93 to 12.0% greater average specific volumetric fuel 
consumption of all the methyl and ethyl esters over that of diesel fuel 
at all engine test loads. They added that fuel consumption variation 
between esters was insignificant except for the castor oil ester because 
castor oil esters were 3.33 times more viscous than all other vegetable 
oil esters in the test. 
Pryor et aj. (1983) reported 13 to 14% and 21% greater brake 
specific fuel consumption with soybean oil over that of diesel fuel at 
high idle and rated engine speed, respectively. With ethyl soyoil ester, 
the brake specific fuel consumption was 11 to 13% higher than diesel at 
all loads. The brake thermal efficiency with soybean oil was 4% less 
than for diesel fuel at high idle and rated engine speed while with ethyl 
soyoil ester was comparable to diesel fuel. At reduced throttle setting, 
depending on the load and speed setting, ethyl soyoil ester was reported 
1 to 2% more thermal efficient, whereas the soybean oil was 2 to 8% less 
thermal efficient than diesel fuel, 
Pischinger et aj. (1982) in their study concluded that the high 
specific volumetric fuel consumption of the methyl soyoil ester was due 
to the 7% increase in fuel delivery by the injection pump and the 6% 
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lower net volumetric heating value of the ester fuels as compared to 
diesel. 
Engine performance tests with partially esterified cottonseed and 
sunflower oils (ethyl esters) by Engler et al. (1983a) showed no 
improvement in all the measured performance parameters or the amount of 
engine deposits over unmodified oils. They concluded that only 
completely esterified fuels showed significantly better results than 
unmodified vegetable oils. 
Tests with methyl esters of commercial grades of lauric, myristic, 
palmic, stearic, linoleic and linolenic acid, as well as ethyl and butyl 
esters of oleic acid were conducted by Klopfenstein and Walker (1983). 
The brake thermal efficiency with the esters was inversely related to 
chain length of the fatty acid. The specific volumetric fuel consumption 
of the ester fuels increased with the increased saturation degree and 
chain length of the fatty acids. These researchers suggested esters with 
a high content of saturated oleic acid or short-chain saturated acid as a 
good fuel for a diesel engine. 
Studies on the exhaust emission quality of the vegetable ester fuels 
were conducted by several researchers. Hawkins and Fuis (1982) reported 
distinctly lower smoke values and exhaust temperature under all engine 
test loads. Ventura et al. (1982) encountered intense white smoke with 
associated pungent odors with the ester fuels in cold weather operations. 
They said that burning the ester fuels overcame the presence of acrolein 
in the exhaust emissions. Clark et al. (1985) and Wagner et al. (1984) 
reported similar carbon dioxide, carbon monoxide and unburned 
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hydrocarbons emissions, but slightly higher oxides of nitrogen with the 
ester fuels as compared to diesel. Pryor et al. (1983) reported 2 to 3% 
lower exhaust temperature with the ester fuels, and 2 to 5% higher with 
the vegetable oils as compared with diesel fuel throughout the test 
period. Geyer et al. (1984) reported higher total formaldehyde and 
aldehydes with the ester fuels than the diesel, with a pronounced 
difference at full rack. 
Chan et (1982) indicated that combustion noise levels of a 
diesel engine are inversely proportional to the logarithms of cetane 
numbers of diesel fuels. No correlation between combustion noise levels 
and the measured cetane numbers were found with the various vegetable oil 
and their esters. These investigators found that the combustion noise 
levels of vegetable oils were approximately 2 dB lower and their 
corresponding esters gave similar levels compared to the diesel fuels. 
Fuis et al. (1984) reported the intense corrosive ability of crude 
sunflower oil and its corresponding ester upon contact with non-metallic 
engine parts. They said that both the oil and ester could harden and 
change the tensile strength of all plastics and rubber parts of the 
engine components. Metals, high density polyethylene and polypropylene 
were found to be less affected. They concluded that the introduction of 
ester fuels would necessitate the replacement of some engine parts with 
more compatible materials. 
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Engine Deposits 
Vegetable oils exhibit the tendency to polymerize three 
dimensionally when the unburned oil comes in contact with hot metal 
surfaces. These polymers when formed were unlikely to burn, but instead 
accumulated as deposits on the engine combustion chamber (Hassett and 
Hasan, 1982; Engler et al., 1985a). 
Reports of engine deposits with vegetable oil fuels were highly 
consistent from study to study. A review of tests described in the 
literature indicated abnormally high combustion chamber deposits 
accumulated in a relatively short period of time while using crude 
vegetable oils or their blends with diesel fuel in diesel engines. Heavy 
deposits were reported on all pistons, especially on the ring groove area 
and the piston face, on all injector nozzles, especially around the 
orifices forming in a crater like manner, on the exhaust valve stems, 
cylinder head, especially around the fire dam area, and on the combustion 
chamber walls. All deposits were of wet, oily appearance and did not 
flake off easily without moderate scraping. Deposits from operation with 
diesel fuel were dry and easily wiped off with a damp cloth. 
Pestes and Stanislao (1984) analyzed one piston and its rings from a 
direct injection A11is-Chalmers 7020 tractor engine fueled with 50:50 
blend of sunflower oil in diesel fuel after 393 hours of farm operations. 
They found that the carbon adhesion and buildup were more predominant on 
the aluminum components than on the cast iron components of the piston. 
Severity of ring sticking was reported in the following order from the 
most to the least; ring no. 2, no. 3, and no. 1. Ring no. 4 was 
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completely free of deposits. According to them, ring no. 1 showed the 
least sticking of the three compression ring because of the following 
reasons: 
1. The severe detonation shock vibrated ring no. 1 in its groove 
and had expelled some of the deposits. 
2. The high temperature fractured the brittle carbon deposits more 
easily in groove no. 1. 
3. The greater clearance of groove no. 1 gave more mobilization 
of the deposits. 
Reduced injector fouling had been reported by Bacon et aj. (1981), 
Quick et al. (1983), Vellguth (1983), and Peterson et al. (1984) from 
proper choice of vegetable oil fuels. Bacon et (1981) ran a 2 hour 
performance test with sunflower oil (IV=130), coconut oil (IV=20) and 
animal tallow (IV=2) in a single cylinder direct injection Perkins 4-236 
diesel engine. Relatively clean fuel injectors were found when operating 
the engine with coconut oil and the highly saturated animal tallow. 
They, however, did not recommend the use of the highly saturated oil for 
fuels because the oil was solid at normal room temperature. Severe and 
rapid injector fouling and power loss were also reported by Quick et al. 
(1983) with linseed oil (IV=202) after 16 hours of operation and by 
Vellguth (1983) with rapeseed oil (IV=110) after 50 hours of operation. 
Peterson et al.. (1984) reported their engine, after 200 hours of 
operation on a high oleic acid safflower oil, showed less deposits than 
when operated on high linoleic safflower oil. The power losses with high 
linoleic and high oleic safflower oil as compared to diesel fuel were 
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8.5% and 3.5%, respectively. They concluded that with fewer double or 
triple bonds in the fatty acids i.e., those less unsaturated vegetable 
oils, there was less tendency for the oil to form deposits and lose 
power. 
Korus et (1985) evaluated the deposits in an engine operated on 
50:50 blends of winter rape, high oleic and high linoleic safflower oil 
in diesel. Their statistical analysis showed that the high linoleic 
safflower blend gave significantly highest deposits, followed by high 
oleic safflower and the winter rape blend as compared to diesel fuel. 
Operating the engine at low speed and load levels, as explained by 
Baranescu and Lusco (1982a), increased the tendency for deposit buildup. 
They experienced accelerated gum formation with longer periods of engine 
shutdown as the vegetable oil fuels were left in contact with the metal 
parts of the engine. 
Long-term field tests of several tractor models and makes with 
blends of vegetable oil in diesel fuel in farm operations have been 
conducted by several researchers. Johansson and Nordstrom (1982) tested 
6 different tractors on 33:67 blends of crude rape oil in diesel fuel for 
a total of over 3400 hours. Walter et (1982) tested 12 different 
tractors on 25:75 and 50:50 blends of sunflower oil in diesel for a total 
of 6300 hours. German et (1985) tested 6 different tractors on 25:75 
and 50:50 blends of sunflower oil in diesel fuel for over a 3 year 
period. Generally, satisfactory operation was reported throughout the 
test period. All concluded that the tested blended fuels cannot be 
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recommended as substitute diesel fuel because of the abnormally high 
engine deposits and excessive gum formation. 
Use of additives to minimize or inhibit the formation and deposition 
of gum in the injectors and combustion chambers has been reported by a 
few researchers. Strayer et al. (1982) studied the effect of five 
different commercial pour point depressants i.e., Paradyne 25, Paraflow 
149, Acryloid 1505-C, Acryloid 155-C and Tolad T-35, on canola oil and 
methyl canola ester. They concluded that none of the pour point 
depressants tested had any effect on either fuel at any concentration 
used. Results from Baldwin et al. (1982) also indicated that none of the 
3 different commercial additives to inhibit injector deposits were 
effective, but instead all resulted in greater deposits. A study by Van 
der Walt and Hugo (1982), on the contrary, indicated a slight reduction 
in injector deposits with the use of Lubrizol, Wynn's, Carburol Auto 
Diesolite, Diesohol and Fire Hart as additives. 
Kaufman and Pratt (1981) stressed the need for proper refining of 
vegetable oil to reduce engine deposits and premature plugging of fuel 
filters. They listed the following levels of refining vegetable oils: 
1. Crude oil. Raw oil extracted from the seeds, and filtered. 
The extraction method used, either screw press or solvent 
extraction, should be indicated. 
2. Crude degummed oil. Crude oil with most of the gum removed. 
This is the minimum recommended level of refining for diesel 
engine fuel. 
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3. Alkali refined oil. Crude oil that has been chemically treated 
to remove the free fatty acids and gums. 
4. Fully refined oil. Once refined oil that has been bleached, 
winterized (cooling for partial crystallization and wax 
removal), and deodorized. This oil is suitable for human 
consumption and not for diesel engine fuel. 
Pryde (1982) reported that most crude vegetable oil contained less 
than 1% free fatty acids, except for crude palm oil with 10 to 15% free 
fatty acids, 0.5 to 2% phosphorus, and 1% wax content by weight. He 
mentioned that the presence of the free fatty acids in the oil could 
increase the engine wear rate. The presence of phospholipids in the oil 
cause it to absorb moisture from the atmosphere to form insoluble gums. 
The presence of waxes gave the oil a turbid appearance, and if not 
dissolved could interfere with the fuel filtration and proper engine 
operation. 
Barsic and Humke (1981b) indicated that the degummed soybean oil 
showed less tendency for power loss and formation of deposits as compared 
to crude soybean oil. Similarly, Varbrough et aj. (1981) indicated that 
both degummed sunflower and degummed-dewaxed sunflower oil gave better 
engine performance with lower deposit levels than the crude sunflower 
oil. They found no significant differences in all the measured 
performance parameters and engine deposits between degummed and degummed-
dewaxed sunflower oil. Subsequently, tests were conducted by Yarbrough 
et al. (1982) on alkaline refined, degummed cottonseed oil and crude 
cottonseed oil. They reported that both fuels showed high deposits and 
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lubricating oil contamination as compared to diesel fuel, with the crude 
cottonseed oils causing very rapid and intense formation of deposits. 
They concluded that the presence of phosphatides in the crude oils was 
apparently detrimental to combustion and these were undesirable 
components of a fuel. 
Conversion of linseed oil to methyl ester eliminated fouling 
problems of the fuel injectors, as reported by Quick et (1982). They 
indicated that converting the linseed oil to an ester, breaks the oil 
triglyceride structure to a smaller straight chain. They concluded that 
the thermal polymerization of the ester still occurred, since the oils 
degree of unsaturation was unchanged, but it did not proceed to the 
trimer stage and not to the formation of the three dimensional gel 
structure. 
Wagner et (1984) reported normal engine deposits after 200 hours 
of operation with methyl, ethyl and butyl soyoil esters as fuels. They 
indicated comparable amounts of deposits, with slightly different color 
and texture between all tested ester and diesel fuels. On the basis of 
the deposit ratings, they concluded that the ethyl ester was the most 
promising, followed by methyl, and lastly by butyl esters. 
Fort et al. (1982) conducted tests on a turbocharged DI diesel 
engine with a 50:50 blend of cottonseed oil-diesel and with a 50:50 blend 
of methyl cottonseed ester-diesel. They reported that engine operation 
on blended cottonseed fuel was noisy, with excessive blowby after 183 
hours of operation. The test with this fuel had to be terminated because 
of excessive cylinder scoring. The test with the blend of methyl 
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cottonseed ester completed the 200 hour test cycle without any loss in 
power and with only moderately and easily removed deposits. 
Lubricating Oil Contamination 
Incomplete combustion led to blow-by and then to lubricating oil 
contamination and thickening with vegetable oil fuels. Bruwer et 
(1981) and Engler et al. (1985a) said that vegetable oils were highly 
reactive and could cause a more rapid depletion of antioxidants in the 
lubricating oils than diesel fuels. They said that once the antioxidants 
in the lubricating oil had been depleted, polymerization occurred and 
caused the lubricating oil viscosity to increase, and/or plugging of the 
oil filters. These problems, as mentioned by Van der Walt and Hugo 
(1982), were most severe at low loads and during idle engine operation. 
Siekmann et aj. (1982) studied the deterioration of different 
mixtures of vegetable oil and lubricating oils using a Mac Coull 
apparatus under simulated engine-bearing working conditions. Their 
laboratory test showed that the degradation of the oil, marked by a 
significant increase in viscosity and a sharp loss of alkalinity, 
depended on the concentration and the extent of unsaturation of the 
vegetable oil. Their gas chromatographic analysis showed that it was 
mainly the linoleic (18:2) and linolenic (18:3) acids that were degraded 
in the test. 
Similar studies by Rewolinski and Shaffer (1985a), and Rewolinski 
and Shaffer (1985b) indicated that the presence of metallic copper 
catalyst and oxygen were the two dominant factors in the loss of 
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alkalinity and thickening of lubricating oil. They found metallic iron 
had no catalytic effect on such problems. Their wear analysis by the 
"Four-ball" method (ASTM Standard D4172) indicated that the contaminated 
lubricating oil exhibited low metal wear indexes even when the oil was 
severely degraded. 
Analyses of the lubricating oil of engines operated on crude 
vegetable oils and with blended vegetable oil in diesel have been 
reported by several researchers. Peterson et al. (1981), and Ziejewski 
and Kaufman (1982) reported an increase in total solids, viscosity, and 
metals in the lubricating oil of engines running on vegetable oils. 
Yarbrough et (1981) reported intense lubricating oil contamination 
after an hour of operation at full load with a 75:25 blend and a 50:50 
blend of sunflower oil in diesel and with crude sunflower oil. Their 
test with degummed-dewaxed sunflower oil showed intense -lubricating oil 
contamination only after 40 hours of engine operation. Borgelt and 
Harris (1982) reported an increase in total solid and wear metal patterns 
in the lubricating oil with increasing fraction of soybean oil in the 
blend mixture. 
Modified Engine Configuration 
Obert (1973) stated that the fuel injection system in the diesel 
engine require precise fuel metering, accurate injection timing, proper 
rate of injection, proper fuel atomization, and a sharp initiation and 
termination of injection. He indicated that controlling the above 
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factors were essential to prevent misfire, surge or overfuelling, engine 
knock, smoke, deposits, and lubricating oil contamination. 
McCutchen (1981) mentioned that the present diesel engine was not 
designed to handle viscosities higher than the diesel fuel. He strongly 
indicated that the engine durability problem encountered with most 
vegetable oil fuels was a function of engine type; with direct injection 
engines being more susceptible than the indirect injection types. The 
direct injection engines are much more dependent upon the ability of the 
injection system to accomplish a high degree of fuel atomization than are 
the indirect injection engines. However, most common diesel engines in 
use today are of the direct injection type because of its better fuel 
economy. 
Studies to evaluate the durability of the two types of diesel 
engines operated on vegetable oil fuels have been conducted by several 
researchers. Van der Walt and Hugo (1981) successfully used degummed 
sunflower oil in an indirect injection engine for more than 2000 hours 
without adverse effects on the engine. Ryan III and Callahan (1984) 
reported no apparent nozzle coking and lubricating oil contamination in 
an indirect injection engine running on crude sunflower, soybean and 
cottonseed oil. However with a direct injection engine, those same fuels 
displayed intense coking and fouling problems. Similar results were also 
documented by Quick et al. (1983) with two engine types operating on 
crude linseed oil as fuel. Fuis et (1984) reported that their 
indirect injection engine, at the completion of the 1800 hours of 
operation with degummed sunflower oil, was in a similar condition to the 
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engine operated on diesel fuel. They concluded that with the indirect 
injection engines, the injected fuel swirled in a vortex of air before 
entering the combustion chamber, and this swirling action improved the 
atofflization of the fuel. 
Reitz and Bracco (1979) mentioned that suitable spray atomization in 
a diesel engine could be only achieved when the fuel jet formed a cone-
shaped spray and produced droplets very much smaller than the orifice 
diameter. They observed that large fuel droplets had less surface area 
per unit volume and lower heat absorption rates. This could delay 
vaporization, create areas of very rich and very lean air-fuel ratios, 
and promote more violent combustion resulting in knock and less efficient 
fuel utilization accompanied by high smoke levels. They stated that 
increasing the fuel injector orifice diameter increased the droplet size, 
cone spray angle and penetration of the diesel fuel. 
Lee (1932) indicated that the fineness and uniformity of diesel fuel 
atomization increased with an increase in the jet velocity i.e., either 
by raising the injection pressure or by improving the design of the 
injection system, and with a decrease in the orifice diameter. He 
reported that the orifice length-diameter ratio and chamber air density 
had little effect on the final atomization attained. 
Forgiel and Varde (1981) reported that maximum engine power output 
was low with vegetable oils but could be increased to the maximum levels 
obtained with diesel fuel by increasing nozzle orifice diameter. Using 
Injectors with larger orifice diameter, according to them, increases the 
smoke and unburned hydrocarbon emissions. A slightly lower thermal 
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efficiency and higher exhaust temperature were reported by Varde (1982) 
with the use of injectors of larger orifice diameter. 
Van der Walt and Hugo (1982) reported on a number of minor injector 
modifications to reduce injector fouling problems with vegetable oil. 
These included partial retraction of the injector to reduce injector tip 
temperature, addition of a heat shield to the injector, cooling the 
injector with water, using a teflon coated injector tip, and increasing 
injector tip temperature by reducing heat transfer between injector body 
and cylinder head. None of the tested measures proved to be successful. 
Fuel Storage Stability 
Fuel deterioration during storage is more severe for vegetable oils 
than for diesel fuels even though vegetable oils naturally contain 
antioxidants. The high degree of unsaturation makes vegetable oils 
susceptible to oxidation, leading to free radical formation and 
polymerization. Polymerization can either be an oxidative polymerization 
in storage, or a more complex thermal polymerization occurring at high 
temperatures and pressures preceding combustion. Both reactions produce 
high-molecular cross-linked gel products that are difficult to burn. 
There is also a possibility of both oxidative and thermal polymerization 
with heavier ends of diesel fuels. The use of antioxidants and 
dispersants in such fuels prevents excessive deposit formation on the 
engine internal parts (Obert, 1973; Formo, 1979; Korus et aj., 1982). 
DeMan (1980) mentioned the two distinct phases of oxidation in 
vegetable oil. According to him, the initial phase of the oxidation 
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process, or the induction period, is relatively slow and occurs at a 
uniform rate. The second phase occurs at a rapidly accelerating rate and 
is many times greater than the initial phase. He also mentioned that 
high levels of unsaturation, high temperature, light, and the presence of 
metals favor the oxidation process. 
Klopfenstein and Walker (1985) said that of the fatty acids found In 
vegetable oils, linolenic acids were the more readily attacked by 
atmospheric oxygen. They mentioned that linseed oil contained 
approximately 55% linolenic acid (18:3) and 15% linoleic acid (18:3), 
whereas safflower and soybean oils contained 55-85% linoleic acid. The 
relative oxidation rates of stearic (18:0), oleic (18:1), linoleic 
(18:2), and linolenic (18:3) were in the order of 1:100:1200:2500. 
Bacon et al. (1981) indicated that excessive moisture in the 
vegetable oil could cause storage degradation of the oil through the 
following routes: 
1. Acceleration of mold, bacteria and enzyme action which function 
in aqueous substrate. 
2. Increased solubilization of trace metal ions which could 
catalyze the autoxidation process. 
3. Promotion of free fatty acid formation by hydrolysis. These 
fatty acids are extremely corrosive at temperature above 
150°C. 
Korus et al. (1982) found that the addition of Lubrizol 560 and 565, 
and FA03, typical diesel fuel oxidation inhibitors, did not reduce 
oxidation polymerization in vegetable oil. They also found that storage 
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deterioration was minimized in an anaerobic environment, and to a lesser 
extent with oil of lower unsaturation level. They concluded that the 
high unsaturation level in vegetable oils overwhelmed any reasonable 
amounts of added oxidation inhibitors. 
Kusy (1982) studied the storage degradation of soybean and sunflower 
esters. He reported only a slight rancidity without any additional 
precipitation with both esters within the 8 month period of storage. He 
suggested bubbling dry nitrogen or carbon dioxide through the products, 
and storing them in an oxygen free atmosphere as a means for maximum 
protection against oxidation. He also suggested the addition of butyl ate 
hydro toluene or BHT at the rate of 200 to 400 ppm as another practical 
alternative for storing the esters. 
Two year long-term studies of vegetable oils and esters were 
reported by Klopfenstein and Walker (1985), and by Korus and Jo (1985). 
Klopfenstein and Walker (1985) stored methyl soyoil ester under a variety 
of conditions in steel or plastic-lined tanks with and without 
antioxidant. They used peroxide values as a measure of oxidation. In 
general they found that lower storage temperatures, presence of 
antioxidant (BHT at 0.05%) and storing in plastic-lined tanks led to 
lower peroxide value. Korus and Jo (1985) found peroxide values to be 
constant in anaerobic storage of safflower and winter rape oil purged 
with nitrogen gas. In aerobic storage they reported an initial induction 
period of 140 to 200 days and after this period, peroxide values 
increased linearly. The patterns of the viscosity increase during 
storage were similar to the peroxide values. Viscosities increased only 
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4 to 6% after two years in anaerobic storage. Both peroxide value and 
viscosity increases were greater with increasing oil unsaturation in 
aerobic storage. Klopfenstein and Walker (1985) and Korus and Jo (1985) 
concluded that both the vegetable oils and esters could maintain their 
fuel quantities for long periods if reasonable care were exercised in 
their storage. 
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MATERIALS, EQUIPMENT AND METHODS 
With the earlier mentioned objectives in mind, the entire test 
program was comprised of two main parts. The first part was to 
chemically and physically characterize the test fuels according to the 
standards established by the American Society for Testing Materials 
(ASTM) and the American Oil Chemists' Society (AOCS). The second part 
was to evaluate the performance characteristics of the test fuels from 
data collected from an instrumented test engine. 
The engine performance tests were conducted in the Dynamometer 
Laboratory of the Mechanical Engineering Department, Iowa State 
University, during the Summer and Fall of 1987. Chemical and physical 
characteristics of the test fuels were determined in the Fuel Laboratory 
of the Mechanical Engineering Department. Three drums (204 liters) of 
each fuel type, Phillips No. 2 control diesel, methyl soyoil ester, and 
methyl tallow ester, were burned in a single test engine. The excellent 
engine test facilities provided by the Mechanical Engineering Department 
enabled the tests conducted to conform with the SAE Standard J816b (Soc. 
of Automotive Engineers, 1987), thus permitting valid comparison and test 
repeatability. 
Test Fuels 
Methyl soyoil ester and methyl tallow ester were considered as the 
two alternative fuel sources in this investigation. Both these ester 
fuels were purchased from Emery Chemicals of Cincinnati, Ohio, under a 
trade name of EMERY 2224 and EMERY 2203 for the methyl soyoil ester and 
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methyl tallow ester, respectively. Filtered, dewaxed and degummed soyoil 
was used for the preparation of the corresponding ester. Phillips No. 2 
control diesel fuel was used as the reference (baseline) fuel in this 
investigation. This fuel was purchased from the Phillips Petroleum 
Company at Burger, Texas. Commercial grade diesel fuel was not used for 
this investigation because possible property variations could contribute 
to results inconsistency with other earlier reported findings. The 
properties of commercial diesel fuels depend on the refinery practices 
employed and the nature of the crude oil from which they were derived. 
Phillips No. 2 control diesel fuel was selected following the 
recommendation stated by the Engine Manufactures Association as a 
baseline fuel for testing diesel engines with any vegetable oil based 
fuels (USDA, 1982). Figure 3 shows photographs of samples of the three 
test fuels. 
Three drums of each fuel type were purchased for this investigation. 
Each fuel drum contained 204 liters, equivalent to approximately 180 kg 
of methyl soyoil ester or methyl tallow ester. Almost 5 months elapsed 
from the date of receiving the test fuels from the suppliers until the 
end of the engine performance test. Throughout this storage period, all 
the fuel drums were stored in the shade at room temperature and were 
sealed from the atmosphere. Separate fuel tanks were used for each test 
fuel to avoid any contamination or fuel mixing. With these precautions, 
the possibility for fuel deterioration or contamination were minimized. 
Table 2 lists the purchase prices of the test fuels quoted from the 
respective suppliers in May of 1987. The listed prices were for bulk 
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Figure 3. Samples of the 3 test fuels; Phillips No. 2 
control diesel, methyl soyoil ester, and 
methyl tallow ester 
Table 2. Purchase prices of the test fuels 
Fuel types® Price ($/kg) Price ($/l) 
Phillips No. 2 control diesel 
Methyl soyoil ester 
Methyl tallow ester 
1.60 
1.68 
1 . 2 1  
1.36 
1.49 
1.06 
•Specific gravity of 0.851 for No. 2 diesel was used in determining 
the price in $/kg. Specific gravities of 0.887 for methyl soyoil ester 
and 0.878 for methyl tallow ester were used in determining the prices in 
$/ l .  
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purchase and included the handling fees. The fuels were very expensive 
because of the low demand for these products and the economies of scale 
in producing them. 
Test Engine 
A newly rebuilt 4239D four cylinder inline John Deere tractor engine 
was used in this investigation. This naturally aspirated, direct 
injection diesel engine was donated by the John Deere Company to the 
Department of Agricultural Engineering, Iowa State University. A 
naturally aspirated, direct injection diesel engine was used since this 
type of engine design is representative of the large population of 
engines used in agricultural and construction equipment. 
The engine displacement was 3.92 liters, with a 106 mm bore and 110 
mm stroke, and a compression ratio of 17.2:1. The manufacturer's 
specified brake power for the engine was 56 kW at 2500 rpm at wide-open-
throttle (WOT). The engine was equipped with a type DB2 Stanadyne Roosa-
Master fuel injection pump. The pump was of a distributor type with two 
opposing 8.89 mm diameter plungers and a single pumping chamber. The 
start of injection timing based on the injection nozzle lift was factory 
calibrated to 14 ± 2 degrees before top-dead-center (BTDC) at engine full 
load and rated speed. Stanadyne Roosa-Master 9.5 mm nozzles were used 
with the injection pump. The injectors were pintle type with four 0.28 
mm diameter orifices. 
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Physical and Chemical Characterization of Test Fuels 
These analyses were carried out in order to document the properties 
of the test fuels with respect to their different chemical compositions, 
and to determine the applicability of the various ASTM fuel tests to the 
two ester fuels. Comparisons and evaluations of the properties of the 
ester fuels were made against the Phillips No. 2 control diesel fuel. 
The following determinations were carried out with each of the test 
fuels. The applicable ASTM Standards are listed in parentheses. 
1. 'Kinematic viscosity within 20 to 90°C temperature range (ASTM 
D446) 
2. Surface tension within 20 to 90°C temperature range (ASTM 
D971) 
3. Specific gravity within 20 to 90°C temperature range (ASTM 
D2547) 
4. API gravity (ASTM D2547) 
5. Net and gross heat of combustion (ASTM D240) 
6. Elemental analysis of carbon, hydrogen and oxygen (undefined) 
7. Cloud point (ASTM D2500) 
8. Pour point (ASTM D97) 
9. Cleveland open cup flash point (ASTM 092) 
10. Conradson carbon residue (ASTM 0189) 
11. Ash content (ASTM 0482) 
12. Water and sediment (ASTM 01796) 
13. Sulphur content (ASTM 0129) 
14. Copper corrosion (ASTM 0130) 
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15. Cetane number (ASTM 0613) 
Only the first five listed determinations were carried out at the 
Fuel Laboratory, Department of Mechanical Engineering, Iowa State 
University. The remainder of the determinations were carried out by 
several commercial fuel research laboratories. Representative samples of 
the three test fuels were sent to Phoenix Chemical Laboratory Inc in 
Chicago for determination no. 6; Cleveland Technical Center Inc. in 
Cleveland for determinations no. 7 through 14; and Dresser Industries in 
Waukesha for determination no. 15. 
In addition to the earlier listed determinations, another four 
determinations were carried out on the two ester fuels. The following 
determinations along with their AOCS test standard were arranged by Dr. 
Lawrence Johnson from the Department of Food Technology, Iowa State 
University. 
1. Iodine value (Cd1-25) 
2. Free fatty acid composition (Ce1-62) 
3. Saponification number (Cd3-25) 
4. Peroxide value (Cd8-53) 
Viscosity 
A Cannon-Fenske routine viscometer and a Temp-Trol oil-bath equipped 
with a stirrer and a thermometer were used to determine the kinematic 
viscosity of the test fuels at different temperatures in accordance with 
ASTM D446, The viscometer as illustrated in Figure 4 was a glass U-tube 
capillary with two reservoir bulbs and is suspended vertically inside the 
thermostatically controlled oil bath. Time required for a given volume 
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of fuel sample to flow through from the first to the second timing mark 
was recorded with a digital stop watch with an accuracy to the nearest 
0.01 second. The charged viscometer was allowed to remain in the oil-
bath for 10 minutes before each determination in order for the sample to 
reach temperature equilibrium. The test was conducted at 17 different 
temperature settings within the 20 to 90°C range. Two measurements were 
taken at each temperature setting, and the entire test was replicated 
twice for each fuel type. The kinematic viscosity was calculated by 
means of the following equation: 
T = Ct 
where: 
T = Kinematic viscosity, cSt 
C = Calibration constant of the viscometer, cSt/s, and 
t = Flow time, s. 
Surface tension 
A Cenco-DuNouy Model 20 tensiometer was used to determine the 
surface tension of the test fuels at different temperatures in accordance 
with ASTM 0971. The tensiometer illustrated in Figure 5 consisted of a 
torsion wire balance with a dial, a suspended platinum-iridium ring of 
precisely known dimensions, and a movable table where the sample beaker 
was to be placed. Measurement indicated by the dial for the force 
required to pull the immersed platinum-iridium ring free from the fuel 
sample surface was recorded for the determination of the sample apparent 
surface tension. Temperature of the fuel sample was taken right after 
this measurement. The test was again repeated with the fuel sample at 
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Figure 4. Cannon-Fenske routine viscometer suspended 
the Temp-trol oil bath 
Figure 5. Cenco-DuNouy surface tensiometer 
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other temperatures. Each of the fuel samples had to be either warmed in 
an oil bath or cooled in a freezer in order to determine the fuel 
apparent surface tension for the desired 20 to 90"C temperature range. 
The apparent surface tension was calculated by means of the following 
equation: 
Sa = Ma 
2C 
where: 
Sa = Apparent surface tension, dynes/cm 
M = Dial measurement, kg 
g = Acceleration of gravity, cm/sec^, and 
C = Ring circumference, cm. 
The absolute surface tension was calculated by means of the 
following empirical equation as outlined in ASTM D971: 
So = Sa |0.725 + v(0.0145 Sa/dCZ + 0.04534 - 1.679 r/R| 
where: 
So = Absolute surface tension, dynes/cm 
Sa = Apparent surface tension, dynes/cm 
r = Ring wire radius, cm 
R = Ring radius, cm 
C = Ring circumference, cm, and 
d = Sample density, gm/cm^. 
Specific gravity 
A specific gravity glass hydrometer no. 50529 for light liquid with 
0.80 to 0.90 scale range was used to determine the specific gravity of 
55 
the test fuels at different temperatures in accordance with ASTM D2547. 
The hydrometer as illustrated in Figure 6, was a weighted glass float 
with a calibrated vertical stem indicating the relative density by the 
level of intersection with the surface of the fuel sample. The fuel 
sample was initially warmed to about 100*C in a 1000 ml measuring 
cylinder placed in an oil-bath, and left to cool to room temperature. 
During this cooling process, the specific gravity and the temperature of 
the fuel sample were regularly recorded until the sample was at room 
temperature. The same sample was then cooled in a freezer for several 
hours, and again left to warm to room temperature while another set of 
specific gravity measurements were taken. The test was conducted within 
20 to 90°C temperature range and was replicated twice with each fuel 
type. 
A API gravity Model 1415 glass hydrometer with 19 to 31 API scale 
range was used to determine the API gravity of the test fuels at room 
temperature in accordance to ASTM D2547. This determination was 
replicated three times for each fuel type. 
Caloric heat value 
A Parr Model 1242 adiabatic oxygen bomb calorimeter was used to 
determine the caloric heat values of the test fuel in accordance with 
ASTM D240. The instrument as illustrated in Figure 7, was equipped with 
a thermostatically controlled heater and cooler for controlling the 
jacket water temperature, a digital thermometer readout with printer that 
could measure and print the temperature rise within 0.001'C accuracy, and 
a programmer that automated the entire operating and recording procedure. 
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Figure 6. Specific gravity and API glass hydrometers 
Figure 7. Parr adiabatic oxygen calorimeter 
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An accurately weighed fuel sample was ignited in a bomb cell that was 
charged with oxygen at 35 atmospheres and placed in the calorimeter. The 
successive increases in temperature of 2000 ml of distilled water 
surrounding the bomb cell were then displayed by the thermometer readout 
and recorded by the printer. Prior to the test, the effective heat 
capacity of the calorimeter was determined by igniting a benzoic acid 
sample. Corrections were also determined to account for the combustion 
heat of firing fuse wire, sulphur content, and for the heat of formation 
of nitric acid; which all contributed to the observed temperature rise. 
The test was replicated three times for each fuel type. The gross heat 
of combustion of the three test fuels were calculated by means of the 
following equation: 
G = tW - ei - ea -ea 
m 
where: 
G = Gross heat of combustion, cal/gm 
t = Temperature rise, "C 
W = Effective heat capacity, cal/°C 
ei = Volume of 0.0725N NazCOs used in nitric acid titration, ml 
ez = Mass fraction of sulphur in sample 
63 = Fuse wire consumed in firing, cm, and 
m = Mass of sample used, gm. 
The net heat of combustion of the test fuels were calculated by 
means of the following equation: 
N = G - (0.2122 X H) 
where: 
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N = Net heat of combustion, MJ/kg 
G = Gross heat of combustion, MJ/kg, and 
H = Mass fraction of hydrogen in the sample. 
Dynamometer-Engine Instrumentation System 
An overview of the dynamometer-engine instrumentation system is 
shown in Figure 8. The test engine was directly coupled to a 112 kW 
General Electric Model 2GG456 d.c electric dynamometer. A safety switch 
was located at the drive shaft to trigger the main power to the 
dynamometer off whenever there was a major misalignment in the rotating 
shaft. The dynamometer was a shunt wound generator and was equipped with 
a controller that allowed automatic control in either constant load or 
constant speed modes. Any effort to turn the dynamometer armature 
imposed a measurable amount of torque on the load cell transducer, Eaton 
Model 3397, which was mounted on the dynamometer- cradle arm. Engine rpm 
was determined by a ferrous tooth gear with a magnetic pick-up located at 
the front end of the dynamometer. Both the torque and rpm conditioned 
signals were channeled to separate digital indicators located at the 
front panel of the controller (see Figure 9). The load cell was 
regularly calibrated with a known dead weight. 
The dynamometer-engine setup was fully instrumented to provide all 
the required engine performance parameters for this investigation. The 
instruments used for the various measurements were within the required 
limits of accuracy as suggested by the SAE Standard J816b (Soc. of 
Automotive Engineers, 1987), and were all well calibrated prior to use. 
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Figure 8. Overview of the dynamometer-engine 
instrumentation system 
Figure 9. Dynamometer controller 
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The data acquisition system for engine exhaust emissions and pressures, 
thermocouple readout and barometric pressure display were placed in the 
control room next to the dynamometer-engine setup. The.control 1er, 
coolant flow counter, and the fuel scale were all located beside the 
dynamometer-engine setup. A heat-exchanger system shown in Figure 10 was 
utilized in place of the radiator as the engine cooling system. Cold tap 
water was allowed to flow continuously through the heat-exchanger at a 
predetermined rate. A standard type starter with an external 12 volt d.c 
source was used as the means for starting the engine. An alternate fuel 
delivery system as shown in Figure 11 was designed such that the fuel 
supply to the test engine could be readily changed. With this system, 
the engine was started on diesel and left to warmup before switching to 
the ester fuel for the test. Fuel was switched back to diesel before 
shutdown. Switching from one fuel to another was done with a directional 
control valve and, during this process, the return fuel from the 
injectors was directed to a waste fuel container while the previous fuel 
was being flushed out of the fuel system. There were two reasons for 
adopting this fuel delivery system. The first was to avoid any clogging 
problems with the ester fuels that might arise in the fuel filter if the 
fuel was left overnight in the engine. The second was to check any 
malfunctioning on the engine and instrumentation by comparing engine 
performance with previously obtained data with diesel fuel. 
The history of the operating hours of the test engine when received 
was not known. Before the actual data collection began, no proper break-
in operations with the test engine was carried out due to the limited 
Figure 10. Heat-exchanger of the engine cooling system 
Figure 11. Fuel delivery system of the test engine 
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availability of time. However, the up-down operation of the test engine 
during installing and checking the various instrumentation systems were 
believed to be sufficient for insuring stable power output from the test 
engine for the actual test program. 
Figure 12 illustrates the schematic diagram of the dynamometer-
engine instrumentation system. The whole system could be divided into 
the following subsystems: 
1. Engine Performance Measurement System 
2. Exhaust Emission Data Acquisition System, and 
3. Engine Pressure Data Acquisition System. 
Engine performance measurements 
Eight laboratory fabricated chrome! alumel type K sheath 
thermocouples were used to measure the temperature at various points on 
the test engine. A specially laboratory fabricated chrome! alume! type K 
shielded thermocouple was used to measure the exhaust gas temperature. A 
Weksler wet and dry bulb thermometer was used to determine the relative 
humidity of the ambient air. The nine thermocouples were located to 
measure the temperatures at the following locations in the test engine: 
1. Fuel temperatures at the fuel tank and the fuel injector pump 
2. Lubricating oil temperatures at the engine oil-sump and the 
main oil gallery 
3. Ambient temperature at the air cleaner element 
4. Intake air temperature at the intake manifold 
5. Coolant temperature at the inlet housing of the coolant pump 
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Figure 12. Schematic diagram of the dynamometer-engine 
instrumentation system 
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6. Coolant temperature at the outlet housing of the coolant pump 
ahead of the thermostat, and 
7. Exhaust gas temperature at the exhaust manifold outlet. 
Measurements of the thermoelectric potentials of the nine 
thermocouples were made with a Hewlett Packard Model 3488A switch/control 
unit and an Omega Model 175-KF1-DS digital temperature readout (see 
Figure 13). The switch/control unit was a 10 Channel high impedance 
relay multiplexer designed to switch low level signals to a readout 
device. The unit was initially programmed to receive all nine signals 
and to scan each channel at a time. 
A USG bordon-tube pressure gauge and a Pro-Lite Model 3242 pressure 
switch equipped with a warning light were used to monitor the engine oil 
pressure. Both the gauge and pressure switch were installed in the oil 
pressure port on the engine block with a tee fitting. The oil pressure 
switch was factory calibrated such that any drop in oil pressure below 
206.9 kPa closed the circuit to the warning light. A USG bordon-tube 
pressure gauge was also located in the low pressure fuel line right after 
the fuel filter to monitor the built-in pressure in the line. A drastic 
drop in pressure recorded by this gauge would indicate a clogged filter 
element in the engine fuel system. 
Barometric pressure was measured with a Barocel Model 600 pressure 
transducer and a Datametrics Model 1500 digital pressure display. The 
transducer had a radially tensioned pressure sensing metal diaphragm 
which, when displaced, produced a d.c voltage analog output related to 
pressure. The digital pressure display gave a readout of the barometric 
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pressure in meters of mercury. Calibration of the display was done 
regularly by adjusting the calibration pot on the front panel. 
Engine coolant flowrate was measured with a Hoffer Model HOIx1-2-75-
B-1M-NPT flowmeter equipped with a Hoffer Model ACC7B-1 flow signal 
conditioner. The flowmeter was a volumetric measuring turbine type with 
a moving-vane rotor. The flowing coolant caused the vane rotor to rotate 
at an angular velocity proportional to coolant flowrate, resulting in the 
generation of an electrical sine wave signal. The flow signal 
conditioner was a preamplifier with filtering and wave shaping that gave-
a square-pulse wave output signal. A Hewlett Packard Model 5211A 
electronic counter with a digital display shown in Figure 14 was used to 
measure the frequency output from the flow signal conditioner. The unit 
was set to display the counter reading every 5 sec at a sampling rate 1 
second. The flowmeter was factory calibrated and was installed at the 
downstream engine coolant outlet piping after the thermostat. A new 
engine thermostat was used and checked for its opening at 82.2'C. Figure 
15 presents the calibration curve of the flowmeter. A calibration factor 
of 2.7385 Hz/liter was used for the coolant flow calculations with this 
cooling system.-
Engine intake air flowrate was measured using a Meriam Model 50MC2-4 
laminar flow element. The flow meter was factory calibrated and was 
installed vertically to the inlet port of the engine intake manifold. 
The flow element consisted of a number of narrow flow passage arranged in 
parallel. The pressure drop across the flowmeter was directly 
proportional to the volumetric flowrate of air flowing through it, and 
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Figure 13. Engine temperature and air flow measurement 
units 
"A-6i68 
Figure 14. Engine coolant flow measurement unit and 
the charge amplifiers 
Coolant Flow Calibration 
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Figure 15. Hoffer flow meter calibration curve 
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the time average pressure drop was directly proportional to the time 
average volumetric flowrate. A Baratron Model 220B differential pressure 
transducer was used to measure the differential pressure across the flow 
element. The pressure transducer was a metal diaphragm type sensor which 
when displaced, produced a d.c voltage output related to air flowrate. 
The output voltage was switched to one channel of the exhaust emission 
data acquisition system. A calibration factor of 1.547 cubic 
meter/min/volt was used for the air flow calculation with this air 
induction measuring system. 
Fuel consumption was determined by weighing the fuel used over a 
given time period. A 34.1 liter fuel tank was placed on an electronic 
scale which was capable of displaying weight readings to the accuracy of 
5 gm. Timing was done manually with a digital stop watch at an accuracy 
of 0.1 sec (including operator's reaction time). The difference between 
the initial and final recorded weight was the amount of fuel consumed in 
the elapsed time recorded by the stopwatch. 
Exhaust emission data acquisition system 
On-line continuous sampling and measurements of the engine exhaust 
emissions were performed with the following instruments: 
1. Beckman 402 flame ionization hydrocarbon analyzer 
2. Beckman 864 infrared carbon dioxide analyzer 
3. Beckman 864 infrared carbon monoxide analyzer 
4. Thermoelectron 10A chemiluminescent nitrous oxide (NOx) 
analyzer 
5. Beckman 7003 oxygen monitor, and 
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6. Bosch ETD02050 smoke meter. 
Each of the analyzers and monitor illustrated in Figure 16 was 
plumbed to the appropriate zero and span gases for calibration purposes. 
The engine exhaust manifold outlet port was extended to a ceiling exhaust 
fan through 6 1/4 cm diameter flexible steel tubing. Three probes were 
used to sample the engine exhaust emission for the various 
determinations. The probes were located 6 cm apart with the first at one 
meter distance from the outlet port of the engine exhaust manifold. 
Exhaust emission samples from the first probe were for hydrocarbon 
content and were drawn into the analyzer through a heated temperature 
controlled line set at 133°C. The sample was heated to prevent the 
condensation of the higher molecular-weight hydrocarbons inside the 
sample line. Exhaust emission samples from the second probe were for 
carbon dioxide, carbon monoxide, oxygen and nitrous oxide and had to pass 
through a hydrocarbon particle trap and a drierite before being drawn 
into their respective analyzers. A glass U-tube packed with glass fibers 
was used as the hydrocarbon particle trap in the sample line. The 
drierite, consisting of a cylinder filled with anhydrous calcium 
sulphite, was used for moisture absorption in the sample line. The third 
probe was for the sampling of the exhaust smoke. 
Voltage output from the analyzers and monitor, and the Baratron 
pressure transducer for the intake air flow measurement were first 
switched to a DEC analog-digital module (ADM). This analog-digital 
module was interfaced to a DEC PR0380 Computer with in-house data 
acquisition software for receiving, recording, and storing all six 
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channel signals (see Figure 17). The interactive ADM program which was 
written in Fortran language was furnished by the Digital Equipment 
Corporation, Massachusetts. The program was set to run with a 1 second 
sampling frequency, 2 second display time on the monitor screen of the 
DEC PRO 380 computer, and an averaging frequency of once in every 10 sec 
for the data storage. All data files from the hard disk were later 
copied to a diskette. The exhaust smoke determinations were taken and 
recorded manually. 
Calibrations of the analyzers were done before each test period. 
The zero controls of the respective analyzers were adjusted, based on the 
output shown on the monitor screen when nitrogen gas was passed through 
the analyzers. The span controls were adjusted when a known 
concentration of the calibration gas was passed through the respective 
analyzers. 
Flame ionization analyzer The Beckman 402 flame ionization 
hydrocarbon analyzer schematic shown in Figure 18 consisted of the burner 
assembly, the ion collector electrodes, and the associated measurement 
circuits. The burner was a central capillary tube through which the 
exhaust emission sample and analyzer fuel flowed. The analyzer fuel was 
composed of 40% pure hydrogen and 60% nitrogen. Air required for 
combustion was introduced around the capillary tube. The combustible 
mixture formed was ignited by a hot wire at the top of the burner 
assembly, producing a diffusion type flame. 
The principle of operation of the analyzer is based on the 
phenomenon that pure hydrogen and air flames produced very little 
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Figure 16. Exhaust emission analyzers and monitor 
Figure 17. Data acquisition system for the exhaust 
emission measurements 
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Figure 18. Flame ionization analyzer 
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ionization, but if a flow of hydrocarbon molecules is introduced, a 
complex ionization process, producing electrons and positive ions occurs. 
Polarized electrodes collect these ions, causing current flow through the 
measuring unit. The ionization current is proportional to the rate at 
which carbon atoms enter, and is therefore a measure of the concentration 
of hydrocarbons in the sample. 
Infrared analyzer The schematic diagram for the Beckman 864 
infrared analyzer for carbon dioxide or carbon monoxide measurement is 
shown in Figure 19. It consisted of the infrared sources, the optical 
cells, and a detector with its associated electronic units. The infrared 
sources directed equal-energy infrared beams through the two optical 
cells; a sample cell with a continuous stream of the exhaust emission 
sample gas to be analyzed, and a sealed reference cell filled with inert 
nitrogen. The particular gas to be measured in the sample mixture 
absorbed the infrared radiation at its characteristic wave length. The 
left-over radiant energy after passing through the sample cell, heated 
the gas in the detector chamber. Since no radiant energy was absorbed in 
the reference cell, the gas in its detector chamber was heated more than 
in the sample detector chamber. Pressure difference between the two 
detector chambers caused the sensor diaphragm to move and vary the 
capacitance. The variation in the capacitance was the measure of the 
concentration of the component gas in the sample. 
Chemiluminescent analyzer The Thermoelectron 10A module 
chemiluminescent NOx analyzer schematic shown in Figure 20 consisted of 
the NOz to NO converter unit, the ozone generator, and the flow readouts 
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with associated measurement circuits. Exhaust emission samples first had 
to pass the converter unit for the conversion of any exhaust NO2 to NO 
before going into the reactor. Conversion was accomplished by passing 
the sample through a heated stainless steel coil. Ozone, or O3, 
manufactured in the ozonator was introduced into the reactor and 
thoroughly mixed with the NO sample. Reaction of NO with O3 evolved some 
electronically excited NO2* molecules. The light emissions that result 
when these excited NO2* revert to their ground state are detected by the 
high sensitivity photomultiplier. The signal is then amplified and fed 
to a recorder indicating the amount of NOx (NO plus NO2), in the measured 
sample. The following equations summarize the whole reaction: 
2NO2 > 2N0 + O2 
NO + O3 > NO2 + O2 
NO + Oa > NO2* + O2 
NO2* > NO2 + hv 
Oxygen monitor The Beckman 7003 oxygen monitor consisted of an 
amperometric oxygen sensor and an amplifier unit, interconnected by a 
shielded cable. Within the sensor, a potential of 0.725 volt d.c was 
applied between the gold cathode and silver anode. The following 
reactions are considered to occur as the sample passes the sensor: 
At the cathode, 
O2 + 2H2O + 4e- > 40H-
At the anode, 
4Ag + 4C1- > 4AgCl- + 4e-
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Oxygen in the sample stream was reduced at the cathode. The 
reduction of oxygen results in a current flow proportional to the partial 
pressure of oxygen in the sample. 
Smoke meter The Bosch ETD02050 smoke meter consisted of the hand 
operated sampler pump shown in Figure 21 and the photoelectric 
densiometer shown in Figure 22. The sampler pump was used to draw the 
engine exhaust emission gases through a paper filter disk. The paper 
disk darkens during this process. The photocell of the densiometer, 
equipped with a light source, was placed on the darkened disk. The 
unabsorbed portion of light was reflected from the disk to the photocell 
detector, generating a current which was indicated on a microammeter 
scale. The scale was calibrated from 0 to 10 degrees of darkening. 
Bosch smoke no. 0 corresponds to an absolutely white disk, while no. 10 
corresponds to a disk which absorbs all the light. 
Engine pressure data acquisition system 
The data acquisition system for the engine cylinder pressure and 
fuel line pressure measurements consisted of the following instruments; 
1. PCB Model 112A piezoelectric cylinder pressure transducer 
2. Kistler Model 6230 piezoelectric fuel-line pressure transducer 
3. PCB Model 464A dual mode amplifiers 
4. BEI Model 1425 incremental optical encoder 
5. Hewlett Packard Model 6281A d.c power supply 
6. Norland Model 3001A processing digital oscilloscope, and 
7. DEC PR0380 microcomputer with in-house data acquisition 
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Figure 21. Bosch hand operated smoke sampler pump 
k'l'K&'L.., 
Figure 22. Bosch photoelectric densiometer 
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software for receiving and storing all signals from the Norland 
oscilloscope. 
Pressure transducers Both the cylinder and fuel-line pressure 
transducers operated on the principle that a quartz crystal, when 
mechanically stressed, produces an amount of electrical charge 
proportional to the magnitude of the stress. The transducers had a thin 
diaphragm welded to the body that, when subjected to pressure, deflected 
inward, pushing on the crystal. 
Engine cylinder pressure was measured at no. 4 cylinder of the test 
engine. The transducer was recess-mounted from the side of the engine 
cylinder block. The presence of the water jacket in the cylinder head 
gave no convenient access for the transducer to be flush-mounted. A 1.02 
mm diameter passage was drilled at an incline of 33.7 degrees from the 
engine cylinder head bottom. The passage was 19.05 mm long and opened to 
the hole where the transducer was to be mounted. Frequent cleaning of 
the passage with compressed air was carried out to clear the openings of 
any accumulation of carbon particles. A partially blocked passage could 
result a time delay effect on the pressure measured by the transducer. 
The transducer was cooled by the surrounding coolant in the jacket. 
Engine fuel-line pressure was measured with a transducer located on 
the high pressure fuel line of the no. 4 fuel injector. The transducer 
was installed with a special adapter that was welded to the fuel line 10 
cm from the fuel injector. 
Optical encoder A BEI incremental optical encoder was used in 
determining the engine crankshaft position. The encoder was mechanically 
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coupled to an extension attached to the crankshaft pulley located at the 
engine front. Within the encoder was a rotating disc with very fine 
lines etched onto it, giving alternating opaque and transparent spaces. 
An optical sensor measured the alternating signal generated as the lines 
on the rotating disc blocked a light source. The sinewave-1ike signal 
from the optical sensor was converted into a clean and sharp square wave 
by the signal conditioner built into the encoder. 
Two types of signal were made available from the encoder; a one 
pulse per revolution signal, and a 1440 pulses per revolution signal. 
The one pulse per revolution signal or Z signal was timed to occur when 
the engine no. 4 piston was at bottom-dead-center (BDC). It was used to 
trigger the data acquisition system to start taking pressure data at BDC. 
The 1440 pulses per revolution or A signal was used to trigger the data 
sampling process. The resultant from these triggering processes was an 
output consisting of a list of pressure measurements with the first point 
corresponding to the pressure at BDC and the succeeding points 
corresponding to the pressure at every quarter of a degree after that. 
Digital oscilloscope The Norland processing digital oscilloscope 
illustrated in Figure 23 had 4 channel inputs, a 12 bit analog-digital 
convertor, and a 4K (4096 points) memory capacity. This instrument had 
the capability of acquiring waveform data, storing the data in its 
digital memory, displaying the reconstructed waveform on the cathode-ray 
tube (CRT) screen, and manipulating the stored waveform with the use of 
the preprogrammed keyboard. 
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Only 2 input channels were employed. Outputs from the cylinder 
pressure and fuel line pressure amplifier were transmitted to channel 1 
and channel 2 of the Norland oscilloscope, respectively. Each channel 
had 2K or 2048 points of memory allocation, which was enough for one 
complete revolution data set; 1440 points plus 608 points of the next 
revolution. Figure 24 shows the typical engine cylinder pressure and 
fuel-line pressure traces obtained with the data acquisition system. The 
X and y coordinates of the respective points on the pressure traces 
displayed on the CRT screen could be obtained by pressing the cursor keys 
on the Norland keyboard. Data transfer from channel 1 of the Norland 
oscilloscope to a DEC PR0380 computer was made through the IEEE-488 
communication bus. A program had already been developed in Fortran 
language to transfer data at 1024 data points or a quad at a time, and 
stored in the original form in the DEC PR0380 hard disk. These data 
files were later copied to a diskette. 
Determination of top-dead-center 
The top-dead-center (TDC) position of piston no. 4 for the test 
engine was determined accurately with the use of a dial indicator. A 
marking bracket was made and installed close to the engine flywheel. The 
engine was set without the rocker arm shaft assembly and intake valve 
spring assembly of the no. 4 cylinder. An initial estimate of TDC was 
located by turning the flywheel and allowing the piston to push the 
intake valve stem to the highest point. A tentative mark was made on the 
marking bracket and flywheel once this initial setting was made. 
Figure 23. Complete engine pressure data acquisition 
system 
Figure 24. Typical engine cylinder and fuel-line 
pressure traces from the CRT screen 
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With the dial indicator on the intake valve stem, the flywheel was ' 
rotated about 60 degrees from tentative TDC in either direction. It was 
then rotated back toward TDC and stopped at 40 degree from TDC where the 
dial reading was taken. The 60 and 40 degree locations were earlier 
marked from the flywheel geometry calculations. The engine was then 
rotated 60 degrees past the TDC in the other direction and then rotated 
back toward TDC to the same position indicated by the dial as the one 
taken at 40 degrees before TDC on the other side. The new TDC position 
would be half the circumferential distance between the two 40 degree 
marked locations. The procedure was repeated until no further adjustment 
was necessary. The bottom-dead-center (BDC) and 5 degrees before TDC 
locations were determined from the flywheel geometry calculations once 
the accurate TDC location was known. 
Transducer calibration 
Calibrations of each pressure transducer and charge amplifier 
combinations were done with the use of an Amthor Dead Weight Pressure 
Gauge Tester to supply calibration pressures, and a digital voltmeter to 
read the charge amplifier voltage output. The charge amplifier was set 
at long time constant and at the sensitivity of 1.45 pico-coulombs/N/cm^ 
for the cylinder pressure transducer and 0.18 pico-coulombs/N/cm^ for the 
fuel-line pressure transducer. 
Calibration started once the zero balance was set to the charge 
amplifier. The dead weight tester was loaded with weights to 558.61 
N/cm2 at increments of 68.97 N/cm^, and then unloaded to zero weight at 
the same decrements. Output voltages measured by the digital voltmeter 
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were recorded at each loading or unloading- Figures 25 and 26 are the 
calibration curves for the cylinder pressure and fuel-line pressure 
transducer, respectively. Due to the test range limitations, 
calibrations were done up to 558.61 N/cmZ. The least squares method was 
employed to analyze the calibration data and results are as summarized in 
Table 3. Mean calibration constants of 556.55 N/cm^/volt for the engine 
cylinder pressure measurement and 631.91 N/cm^/volt for the engine fuel-
line pressure measurement were used to extrapolate for measurements 
beyond the calibrated range. This could be done with confidence due to • 
the high correlation coefficients (RZ values) and small hysteresis effect 
obtained with these transducers. 
Experimental Design 
A  3 - w a y  ( 2 x 2 x 3 )  f a c t o r i a l  d e s i g n  w a s  e m p l o y e d  i n  t h e  e n g i n e  
performance test. The whole experimental design consisted of two levels 
of injection pressure (18.6 ± 0.69 MPa and 24.1 ± 0,69 MPa), two levels 
of injection timing (19 degrees before TDC and 14 degrees before TDC), 
and three different fuel types (Phillips No. 2 control diesel, methyl 
soyoil ester and methyl tallow ester). Three replications were used in 
the experiment. The test engine was run at 8 different load levels 
within each injection pressure-timing-fuel combination. 
The maximum power-fuel consumption and varying power-fuel 
consumption procedures, ASAE Standard S209.5 (American Soc. Agricultural 
Engineers, 1984) were used with some minor modifications on the 
procedure. These two test procedures apply only to governor controlled 
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engines. The test engine was initially run once for 20 minutes on the 
test fuels at each pressure-timing combination for the determination of 
the engine maximum power output at that setting. Actual performance data 
collection was conducted in the varying power-fuel consumption test 
following the maximum power-fuel consumption test. Eight different 
predetermined load levels were applied to the test engine at full 
throttle in the following order: 
1. 85% of dynamometer torque at maximum power 
2. Zero dynamometer torque 
3. 1/2 of 85% of dynamometer torque at maximum power 
4. Maximum power at rated engine speed 
5. 90% of rated engine speed (overload) 
6. 80% of rated engine speed (overload) 
7. 1/4 of 85% dynamometer torque at maximum power, and 
8. 3/4 of 85% dynamometer torque at maximum power. 
Each complete load cycle lasted for a period of at least 230 
minutes; consisting of a 20 minute warmup period with No. 2 diesel, a 15 
minute stabilization period at the first load with the test fuel, a 15 
minute interval for each load being tested with the test fuel, a 10 
minute stabilization period between load settings with the test fuel, and 
a 20 minute flushing/cooling period with No. 2 diesel before shut-down. 
A total of 36 test runs (2x2x3x3) were carried out that totalled at 
least 138 hours of engine operation, with an estimated hour operation in 
the proportion of No. 2 dieselimethyl soyoil esterrmethyl tallow ester of 
1.6:1:1. Upon completion of each pressure-timing combination, all four 
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fuel injectors were removed from the engine and cleaned. The engine 
crankcase oil was drained and replaced. No quantitative analysis on the 
injector fouling or lubricating oil contamination were performed in this 
investigation. 
Different injection pressures were obtained by varying the nozzle 
opening pressure of the engine fuel injectors. All four fuel injectors 
were set to the required opening pressure with the use of the injector 
nozzle tester shown in Figure 27. The nozzle tester consisted of a hand 
lever to pump the test fuel from the reservoir to the fuel injector, and 
a gauge to indicate the pressure in the fuel-line. The screws on the 
valve spring of the injector were adjusted to the required cracking 
pressure indicated by the pressure gauge. 
Different injection timings were obtained by aligning the internal 
timing marks of the engine injection pump when the engine no. 1 piston 
was at TDC or at 5 degrees before TDC on the compression stroke. The 
procedure was as outlined in the engine manual. 
Data Collection and Management 
Prior to the start of each test run, the engine crankcase oil and 
coolant level were checked and filled to full mark. All instruments were 
checked and allowed to warmup for at least 30 minutes. The hydrocarbon 
particle trap in the exhaust emission sample line was replaced with new 
glass fibers. The anhydrous calcium sulfate in the drierite was changed 
when there was a noticeable discoloration. All the exhaust emission 
analyzers were calibrated with their respective zero and calibration 
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Table 3. Calibration equations of the engine cylinder and fuel-line 
pressure tranducers 
Tranducer Linear equation» R2 
Cylinder Pressure 
Loading Y = -7.76E(-3) + 1.81E(-3) X 0.9999 
Unloading Y = 6.35E(-3) + 1.78E(-3) X 0.9998 
Fuel-line pressure 
Loading Y = 1,13E(-4) + 1.50E(-3) X 1.0000 
Unloading Y = -4.73E(-2) + 1.62E(-3) X 0.9998 
*Y denotes output voltage in volts, and X denotes applied pressure 
in N/cmZ. 
Figure 27. Nozzle tester for setting the fuel injector 
opening pressure 
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gases. Appropriate safety measures and precautions were taken to provide 
a safe working environment. 
Once these preliminary routine checks were completed, the 
dynamometer-engine was started. The engine was allowed to warm up at 
full load and rated speed with No. 2 diesel fuel until the engine 
thermostat started allowing coolant to circulate through the heat 
exchanger. This could be determined by monitoring the engine outlet 
coolant temperature and the coolant flowmeter. It normally take 20 
minutes for the engine to warmup and the outlet coolant temperature to 
stabilize at 84 ± 2°C. During the warmup period, both the engine 
pressure and exhaust emission data acquisition systems were checked for 
proper operation. 
All measurements taken within each 15 minute test run were in a 
steady state condition. Measurements of the engine torque, engine rpm, 
barometric pressure, and the various thermocouple readings were recorded 
manually at the beginning and end of the 15 minute test period. The fuel 
weight was taken at the beginning of the 15 minute test period and 10 
minutes later. Within the period of monitoring the fuel consumption, the 
following task were carried out: 
1. Carbon dioxide, carbon monoxide, oxygen, nitrous oxide, and 
hydrocarbon measurements with the exhaust emission data 
acquisition system. 
2. Exhaust smoke determination. 
3. Triggering of the engine pressure data acquisition system to 
capture the cylinder pressure and fuel-line pressure traces. 
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Exhaust smoke samples were taken and analyzed until there was 
reasonable consistency in the recorded Bosch smoke number. All the 
measured emission data within each test load were stored in a data file 
by the data acquisition system. The Norland processing digital 
oscilloscope was manually triggered until reasonably representative 
engine cylinder pressure and fuel-line pressure traces appeared on the 
CRT screen. The following measurements on the captured pressure traces 
were recorded: 
1. Time of start of injection 
2. Time of fuel ignition, and 
3. Peak pressure in engine cylinder. 
After this 15 minute test period, the engine fuel solenoid was 
switched off for a hot motoring friction determination. Two readings, 
the engine torque and rpm, were taken before the fuel solenoid was 
switched on again. The test engine was then stabilized at another test 
load and the whole procedure was repeated again. 
On the days when ester fuels were run, the engine continued to be 
run at full load and rated speed with No. 2 diesel right after the 
completion of the test cycle. It normally take 10 minutes to flush the 
ester fuel out of the fuel system. During this period the torque reading 
was noted to ensure that the engine performance remained consistent 
throughout the test and the ester fuels had no short term effects on the 
engine. For shut-down, engine load was gradually reduced until it was 
about 40 ± 10 N-m at 1000 rpm. It was left to cool down at this 
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condition for 5 to 10 minutes before switching the fuel solenoid off and 
bringing the engine to full stop. 
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RESULTS AND DISCUSSIONS 
Physical and Chemical Characterization of Fuels 
Table 4 summarizes the results of the ASTM characterization of 
No. 2 diesel, methyl soyoil ester, and methyl tallow ester. The AOCS 
characterizations of the methyl soyoil ester and methyl tallow ester are 
summarized in Table 5. Significant differences in the chemical and 
physical properties existed among the test fuels. Such distinct 
variations among the test fuels could significantly affect the engine 
performance and reliability. Discussions of the evaluated fuel 
properties, their variations, and their significance were presented in 
preceding sections. 
Fuel composition 
Carbon, hydrogen and oxygen are the three major elements that make 
up the ester fuel composition, but only carbon and hydrogen are in the 
No. 2 diesel composition. The presence of molecular oxygen raised the 
stoichiometric fuel-air ratio of the ester fuels as reported in Table 4. 
Methyl soyoil ester with a slightly higher oxygen percentage showed a 
higher stoichiometric fuel-air ratio over the methyl tallow ester. Fuels 
with higher stoichiometric fuel-air ratios require less air for a 
complete combustion. Thus, whenever there was a limited air presence, a 
near complete combustion could more easily be attained with such fuels. 
Sulfur contents in the three test fuels were very much below the 
0.5% maximum content limit stated in the ASTM D975 standard (American 
Soc. of Testing Materials, 1984). A significantly lower sulfur content. 
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Table 4. ASTM physical and chemical properties of No. 2 diesel, methyl 
soyoil ester and methyl tallow ester* 
Test 
Property 
ASTM 
No. 
NO. 2 
DIESEL 
MESOY METALL 
Carbon (% mass)" 87.12 
Hydrogen (% mass)" 12.88 
Oxygen (% mass)" 
Typical formula CieHas 
Stoich. fuel-air ratio 0.0693 
Kinematic viscosity® D446 
@40°C (est) 2.478 
@80°C (est) 1.306 
Specific gravity® D2547 
ei5.6/15.6*0 0.851 
API gravity® D1298a 
@15.6'C (deg. API) 36.2 
Surface tension® 0971 
@40"C (dynes/cm) 30.605 
@80°C (dynes/cm) 26.297 
Gross heating value® 0240 45425 
Net heating value® 42692 
(KJ/kg) 
77.26 
10.78 
11.81 
CsaHssOe 
0.0824 
4.180 
2.107 
0.887 
28.1 
34.947 
30.771 
39823 
37372 
76.17 
12.18 
11.47 
C53H102O6 
0.0800 
4.994 
2.374 
0.878 
29.9 
34.255 
29.639 
39961 
37531 
^Designation of MESOY and METALL were used for methyl soyoil ester 
and methyl tallow ester, respectively. 
"Determinations done by Phoenix Chemical Laboratory Inc., Chicago, 
IL 60647. 
®Determinations done at Department of Mechanical Engineering, Iowa 
State University, Ames, lA 50011. 
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Table 4. (continued) 
Test 
Property 
ASTM 
No. 
NO. 2 
DIESEL 
MESOY METALL 
Cloud pt. CC)* D2500 -21.1 -1.1 15.6 
Pour pt. CC)* D97 -20.6 -3.9 12.8 
Flash pt. ("C)* D92 76.7 190.6 187.8 
Conradson 
(% mass) 
carbon residue* D189 0.03 0.15 0.03 
Ash content (% mass)* D482 <0.01 0.01 0.01 
Water (% vol.)* D1796 NIL NIL NIL 
Sediment (% vol.)* D1796 NIL 0.35 0.01 
Copper corrosion* 
eioo'c 
D130 
lb la lb 
Sulphur (% mass)* D129 0.29 0.15 0.18 
Cetane number* D613 45.6 49.6 61.8 
"^Determinations done by Cleveland Technical Center Inc., Cleveland, 
OH 44110-2196. 
"Determination done by Dresser Industries, Waukesha, WI 53188. 
with an average of 0.13% less than for No. 2 diesel fuel, was detected in 
the two ester fuels. Between the esters, sulfur content was slightly 
higher with methyl tallow ester. Cloud and Blackwood (1943) reported 
that increasing the sulfur content of fuel from 0.2 to 1.0% resulted in 
40 to 80% increased engine fouling and two to sixfold increases in ring 
and cylinder wear. The sulfur in the fuel burned to form solid sulfates 
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as deposits or reacted with water to form sulfuric acids as corrosive 
agents. The low sulfur content of the ester fuels resulted in low 
deposits and corrosion caused by its presence. However, sulfur was not 
the only major factor contributing to engine deposits and wear. Other 
fuel properties such as ignition quality, viscosity and/or volatility are 
also of importance. 
Table 5 lists the percentage of the constituent fatty acids in the 
two ester fuels. The fatty acid compositions df the two esters were 
within typical ranges for the soybean oil or beef tallow esters. The 
predominant fatty acids in the methyl soyoil ester were linoleic, oleic 
and linolenic. Esters with such fatty acid composition were regarded as 
highly unsaturated and showed a high iodine value. The methyl tallow 
ester with high content of palmitic, stearic, myristic, and pentadecanoic 
acids were regarded as highly saturated and showed a very low iodine 
value. Even though the two esters were of different fatty acid 
composition, they were almost of the same molecular weight as indicated 
by the saponification number. Relatively low peroxide values were shown 
by both esters indicating little oxidative rancidity. A slightly higher 
peroxide value with methyl soyoil ester over of the methyl tallow ester 
was due to the high susceptibility of the highly unsaturated methyl 
soyoil ester to autoxidation. 
Kinematic viscosity 
Kinematic viscosity is one measure of a fuel's resistance to flow. 
Figure 28 illustrates the kinematic viscosity-temperature relationship 
for the three test fuels. The viscosity decrease with increasing 
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Table 5. AOCS physical and chemical properties of methyl soyoil ester 
and methyl tallow ester* 
Test Property AOCS No. MESOY METALL 
Iodine value Cd1-25 125-135 47-53 
Saponification number Cd3-25 190-200 190-200 
Fatty acid Composition Ce1-62 
Myristic (14:0) 4.08-4.28 
Pentadecanoic (15:0) 1.84-2.08 
Palmitic (16:0) 11.15-11.54 23.99-24.14 
Palmltoleic (16:1) 6.13-6.25 
Stearic (18:0) 3.77-3.85 15.63-15.85 
Oleic (18:1) 22.34-22.57 41.59-42.19 
Linoleic (18:2) 52.05-53.23 3.48-3.75 
Linolenic (18:3) 7.25-8.03 0.54-0.57 
Peroxide value Cd8-53 8.39 7.53 
^Designation of MESOY and METALL were used for methyl soyoil ester 
and methyl tallow ester, respectively. 
temperature resulted from the increase in the intermolecular distances 
within each fuels. The viscosities of the two ester fuels were higher 
than for No. 2 diesel throughout the tested temperature range. Within 
the ester fuels, the viscosity increased slightly with an increase in 
saturation. The viscosity differences among the test fuels were greater 
at low temperatures and decreased with increased temperature. A second 
degree polynomial regression was used to describe the viscosity-
temperature relationship of each test fuel. Table 6 summarizes the 
results of these regression fittings. The nonlinear viscosity-
temperature trend among the test fuels increased significantly with a 
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Table 6. Regression equations for kinematic viscosity, specific 
gravity and surface tension* 
Attribute Regression Equation Rz 
Kinematic viscosity 
No. 2 DIESEL VISCOS = 5.0735 - 0.0827 TEMP + 4. 45E-•4 TEMPZ 0.9964 
MESOY VISCOS = 9.0634 - 0.1572 TEMP + 8. 78E-•4 TEMP2 0.9958 
METALL VISCOS = 11.4536 - 0.2095 TEMP + 1. 20E-•3 TEMP2 0.9959 
Surface tension 
NO. 2 DIESEL TENSIO 34.9130 - 0.1077 TEMP 0.9857 
MESOY TENSIO = 39.1234 - 0.1044 TEMP 0.9979 
METALL TENSIO 38.8712 - 0.1154 TEMP 0.9916 
Specific gravity 
NO. 2 DIESEL SPGRAV 0.8618 -• 6.87E-4 TEMP 0.9993 
MESOY SPGRAV = 0.8987 -• 7.25E-4 TEMP 0.9993 
METALL SPGRAV 0.8890 -• 6.93E-4 TEMP 0.9969 
«Measurement of kinematic viscosity (VISCOS) is in cSt, surface 
tension (TENSIO) in dynes/cm, specific gravity (SPGRAV) is unitless, 
and temperature (TEMP) in degrees Celsius. 
decrease in fuel temperature, with methyl soyoil ester showing the 
greatest deviation from linearity, followed by methyl tallow ester and 
No. 2 diesel. At 40°C, methyl tallow ester and methyl soyoil ester were 
respectively about 2.0 and 1.7 times more viscous than No. 2 diesel. 
Surface tension 
Surface tension measures the work done in extending a unit area of 
the fuel's surface and exerts a strong influence on the shape of the fuel 
spray. Figure 29 illustrates the surface tension-temperature 
relationship for the three test fuels. Surface tensions of the two ester 
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Figure 29. Surface tension relationship with temperature 
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fuels were higher than No. 2 diesel throughout the tested temperature 
» 
range. Unlike viscosity, surface tensions decrease slightly with an 
increase in saturation in the ester composition. The surface tension 
exhibited a substantially linear variation with temperature with the 
three test fuels as shown in Figure 29 and Table 6. The slopes of the 
linear regressions were similar among the fuels, implying a consistent 
temperature effect. An average of about 0.1092 dynes/cm decrease in 
surface tension was obtained for the three fuels for each 1°C temperature 
rise. Increasing temperature did not seriously affect the fuel's surface 
tension, as it did the viscosity. At 40'C, methyl soyoil ester and 
methyl tallow ester respectively had a surface tension of about 12.4% and 
10.7% greater than No. 2 diesel. 
Specific gravity 
Specific gravity is defined as the ratio of the mass of a unit 
volume of fuel to the mass of the same volume of water. Fuels with 
greater specific gravity show a lower API gravity reading. Knowledge of 
specific gravity permits determinations of the mass of storage volume. 
For fuels of a known type, specific gravity serves as a general 
inspection criteria for the presence of contamination. Figure 30 
illustrates the specific g rav i ty-tempe ratu re relationship for the three 
test fuels. Specific gravities of the two ester fuels were higher than 
for No. 2 diesel throughout the temperature range. Like surface tension, 
specific gravity decreased slightly with increased saturation in the 
ester composition. As indicated in Table 6, specific gravity exhibited a 
substantially linear variation with temperature with all three test 
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fuels, decreasing approximately 0.0007 for every increment of 1°C 
temperature rise. Methyl soyoil and methyl tallow esters were 
respectively 4.1% and 3.1% more dense than No. 2 diesel. 
Theory says that the tendency of fuel spray to break up into finely 
divided particles depends on the Reynolds number? (Re) and the Weber 
numbers (We). Increasing the Reynolds number by decreasing the fuel's 
viscosity, increases spray atomization. In addition, increasing the 
Weber number by either increasing the fuel's density and/or decreasing 
its surface tension, also increases the spray atomization. Poor 
atomization could result in improper vaporization and mixing of fuel with 
air, causing poor combustion with an accompanying loss of power and fuel 
economy, and excessive carbon deposits. The percentage differences in 
the specific gravity between the ester fuels and No. 2 diesel were much 
smaller compared to the percentage differences obtained with viscosity 
and surface tension. Therefore, the varying degree of atomization 
between the ester fuels and No. 2 diesel would be largely attributed to 
the effect of viscosity and surface tension rather than to specific 
gravity. 
iRe = u d/t, where; Re = reynolds number (unitless), u = fuel's jet 
velocity (cm/s), d = nozzle orifice diameter (cm), and T = fuel's 
kinematic viscosity (cmz/s). 
2We = 5 d u2/o, where; We = Weber number (unitless), 5 = fuel's 
density (dynes-s^/cm*), d = nozzle orifice diameter (cm), u = fuel's jet 
velocity (cm/s), and o = fuel's surface tension (dynes/cm). 
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Heating value 
Heating value of fuel is the measure of the available energy from 
the fuel. Fuel heating value could either be reported as net or gross, 
depending on the methods and conditions of the test. The difference 
between the two values is the heat energy attained by condensing the 
water vapor formed by combustion. In an engine the water vapor formed 
from the fuel combustion is not condensed but instead passes out with the 
exhaust in the form of vapor. 
Both ester fuels had a lower net heating value on a mass basis than 
No. 2 diesel; a reduction of about 12.5% and 12.1% with the methyl soyoil 
ester and methyl tallow ester, respectively. Since the reaction entalphy 
for a hydrogen molecule is about four times that of carbon molecules on a 
mass basis, an increase in the hydrogen content in the fuel composition 
increased the fuel heating value. Table 4 reveals that fuels with a 
greater hydrogen content have a higher API gravity or lower specific 
gravity, and a greater gross or net heating value on a mass basis. 
Smaller differences in the net heating value on a volume basis were 
obtained between the ester fuels and No. 2 diesel. The calculated net 
heating values on a volume basis for methyl soyoil ester and methyl 
tallow ester were about 8.8% and 9.3% lower than No. 2 diesel, 
respectively. The differences in heating value, on either a mass or 
volume basis, between the two ester fuels were comparatively small. 
Cloud and pour points 
Cloud point is the temperature at which a sufficient number of wax 
crystals became large enough to make the fuel appear hazy or cloudy. It 
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is an indication of the lowest temperature at which the fuel will not 
clog the fuel filter system and restrict flow. On the other hand, pour 
point is the lowest temperature at which no perceptible movement of the 
fuel could be detected when tested according to ASTM D97. It is an 
indication of the temperature below which gravity flow of fuel from the 
fuel tank is impossible. The cloud and pour points of typical No. 2 
diesel fuels were within the range of -9 to -22°C and -23 to -43°C, 
respectively (Steere and Marino, 1981). 
All three test fuels indicated significant differences in both the 
flash and pour points. The tests reveal that the esters would not be 
suitable as engine fuels for extreme cold weather operation unless 
provision were made to warm the fuels in the tank. Methyl tallow ester 
showed relatively higher cloud and pour points than the methyl soyoil 
ester, thus making the tallow ester very much susceptible to cold weather 
problems. The main reason for the high cloud and pour points was the 
greater percentage of the high melting point saturated fatty acid 
components in the methyl tallow ester. 
Flash point 
The flash point is the lowest fuel temperature at which application 
of a test flame caused the vapor above the sample to ignite momentarily 
under prescribed conditions. The importance of flash point is not 
related to engine performance but with the legal requirements and safety 
precautions involved in handling and storing of fuels. 
The Cleveland Open Cup test method was employed to determine the 
flash point of the three test fuels. All the test fuels satisfied the 
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52*C minimum limit specified by the ASTM Standard D975. The flash points 
of the ester fuels were significantly higher than for No. 2 diesel. The 
degree of unsaturation in the esters showed little effect on the flash 
point. High flash point with the ester fuels revealed that the ester 
fuels were not as flammable as No. 2 diesel and were therefore safer to 
store and handle. 
Carbon residue 
Carbon residue refers to the heavier ends of liquid fuel remaining 
after vaporization of the volatile components. High carbon residue fuels 
contribute to deposits in the combustion chamber and around the nozzle 
tips, thus interfering with the fuel spray shape. 
The Conradson test was employed to determined the carbon residue of 
the three test fuels. Determination of carbon residue was made by 
heating the fuel sample in a crucible to a high temperature for a 
relatively long period of time. The percentage by mass of the residue to 
the original sample was the carbon residue. All the test fuels gave a 
carbon residue of less than the 0.35% maximum limit specified by the ASTM 
Standard D975. The observed carbon residue with No. 2 diesel and methyl 
tallow ester were 0.03% mass, and with the methyl soyoil ester was 0.15% 
mass. The relatively high percentage of carbon residue with methyl 
soyoil ester suggested a greater tendency for higher deposition over the 
No. 2 diesel and methyl tallow ester. 
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Ash content 
Ash represents the unburnt materials which were present either as 
abrasive solids or soluble metallic soaps in the fuel. The abrasive 
solids contribute to internal engine wear, engine deposits and injector 
nozzle plugging. Soluble metallic soaps have little effect on wear but 
might contribute to engine deposits and corrosion. Determination for ash 
content was made by burning the fuel sample until only ash and carbon 
remained. The carbonaceous residue was reduced to ash by further heating 
in a furnace at 775°C. 
All the test fuels were within the 0.01% maximum limit specified by 
the ASTM Standard 0975. The difference in ash content between the ester 
fuels and No. 2 diesel was considered insignificant. 
Water and sediment 
Water and sediment contamination occurs during refining, handling 
and storing of the fuels. The presence of sediment in fuels leads to 
serious filter plugging and malfunctioning of injection systems, and 
increases deposits in the combustion chamber. Water and dissolved salts 
are strong corrosive agents. 
Among the three fuels, the methyl soyoil ester had a water and 
sediment content exceeding the 0.05% maximum limit specified by the ASTM 
Standard D975. There were nonmeasurable amounts of water present in all 
three fuels and nonmeasurable sediment present in No. 2 diesel. A 0.35% 
and 0.01% volume of sediment were detected in the methyl soyoil ester and 
methyl tallow ester respectively. The sediment in the methyl soyoil 
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ester could have been foreign materials that were not properly filtered 
during the extraction process. 
Copper corrosion 
The copper strip corrosion test is designed to assess the relative 
corrosiveness of a fuel product. Determination is made by immersing a 
polished copper strip in the fuel sample at elevated temperature. After 
a certain time period, the copper is removed and washed, and compared 
with the ASTM copper strip corrosion standards. 
The copper strip corrosion indexes of all the three test fuels were 
very much below the no. 3 maximum index specified by the ASTM Standard 
D975. Methyl tallow ester and No. 2 diesel had similar corrosion indexes 
but methyl soyoil showed a slightly lower index. The observed low 
corrosion index for the methyl soyoil ester could be attributed to its 
low sulphur content. 
Cetane number 
Cetane number is a measure of diesel fuel ignition quality. Fuels 
with high cetane number exhibit a short ignition delay period. Fort and 
Blumberg (1982) mentioned that fuel with excessively high cetane numbers 
should be avoided, since the ignition delays can be too short to allow 
adequate fuel-air mixing, leading to incomplete combustion. Also, 
extremely low cetane number fuels should be avoided because the long 
ignition delays lead to unacceptably high rates of pressure rise because 
of the presence of too much fuel ready to ignite when combustion begins. 
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All the test fuels satisfied the 40 minimum cetane number limit that 
was specified by ASTM Standard 0975. The cetane numbers of the ester 
fuels were higher than for the No. 2 diesel fuel. Methyl tallow ester 
had a cetane number 16.2 points higher than the No. 2 diesel as compared 
to only 4 points higher for the methyl soyoil ester. The high cetane 
numbers for esters, as stated by Wagner et al. (1984), were probably due 
to the initial cleavage of the weaker bond alcohol radicals from the 
ester molecules. They added that the presence of these radicals might 
reduce the chemical delay process by lowering the self-ignition 
temperature of the homogenous mixture. The low cetane number with No. 2 
diesel suggests more stability and a greater ability to resist 
autoignition. 
Engine Performance Analysis 
No major problem was encountered with the test engine throughout the 
duration of this performance test. The test was successfully carried out 
as planned. The test engine was fully instrumented to provide all the 
required measurements for determination of the needed performance 
variables. Average values of all the recorded measurements were computed 
for each test run. The procedure listed in SAE Standard J816b (Soc. of 
Automotive Engineers, 1987) was employed for the correction of the power 
data to standard atmospheric conditions. A computer program in Fortran 
language was written to calculate all the required performance variables. 
Appendix A contains the printout of the Fortran program and the 
corresponding sample calculations. A detailed presentation of the 
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experimental data and the computed performance variables are in Appendix 
B. 
A statistical analysis of the performance data was performed. 
Analyses of Variance (ANOVA) were conducted to determine the level of 
significance of the main effect of the variables tested on the dependent 
variables (injection pressure, injection timing and fuels) and their 
interactions. Contrast analyses between the levels of the dependent 
variables were conducted once the main effect of the variable tested with 
that particular dependent variable was found significant. All F tests 
showing greater than 0.1 probability level were treated as 
nonsignificant. However, F tests with probability level within the 0.01 
to 0.1 range were treated as significant, and those with probability 
level less than 0.01 were treated as highly significant. Such criteria 
were used for all variables that were being tested. Finally, regression 
analyses were conducted to describe the variable trends with power levels 
for each treatment combination (injection pressure x injection timing) 
for each test fuel. The regression equations were then graphed for 
comparison and study of the trends. The Statistical Analysis System 
(SAS) programs written for the data analysis are in Appendix A. The 
regression equations obtained and their associated R square values are 
presented in Appendix C. The following labels were used in the plotted 
graphs to identify each of the test fuels at each treatment combination. 
NO. 2 DIESEL - No. 2 Phillips control diesel fuel (baseline fuel) 
MESOY - Methyl soyoil ester 
METALL - Methyl tallow ester 
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P1 Injector opening pressure at 18.6 ± 0.69 MPa 
P2 Injector opening pressure at 24.1 ± 0.69 MPa 
T1 Injection timing at 19 degrees before top-dead-
center (BTDC) 
T2 Injection timing at 14 degrees before top-dead-
center (BTDC) 
The treatment combination labelled P1T2 represents the injection 
pressure and timing setting specified by the manufacturer for the teët 
engine in this study. 
Fuel consumption and brake power (overload) 
Determination of the fuel consumption (kilograms per hour) and the 
brake power output of the engine operated at full throttle at the rated 
speed and two other reduced speeds were conducted at each treatment 
combination. 
Table 7 summarizes the results from the analyses of variance (ANOVA) 
for engine fuel consumption. The main effects of fuel consumption were 
highly significant with injection pressure, injection timing, and between 
fuels. Highly significant interactions were found with all factor 
combinations. The least square difference (LSD) test was then performed 
to identify any significant differences between the fuel consumption 
means for treatment combinations. These results are given in Table 8. 
Figures 31.a to 31.d present the plot of fuel consumption against speed 
at various treatment combinations. 
The engine fuel consumption with the three test fuels increased with 
increasing engine speed from 2000 to 2500 rpm. The fuel input to the 
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Table 7. ANOVA for fuel consumption 
Source DF SS F value 
P 1 27.5326 1008.79 ** 
T 1 0.5195 19.03 ** 
F 2 14.9187 273.31 ** 
P*T 1 2.4150 88.49 ** 
P*F 2 0.0101 0.18 
T*F 2 0.4254 7.79 *$ 
P*T*F 2 0.4850 8.88 ** 
•Significant at at 0.1 probability level. 
••Highly significant at 0.01 probability level. 
Table 8. LSD test on the fuel consumption means 
Source F level 
Between fuels P1T1 P1T2 P2T1 P2T2 
NO. 2 DIESEL vs. MESOY 
NO. 2 DIESEL vs. METALL 
MESOY vs. METALL 
* 
* 
* 
* 
Between injection pressures NO. 2 DIESEL MESOY METALL 
T1P1 vs. T1P2 
T2P1 vs. T2P2 
* 
* 
Between injection timings NO. 2 DIESEL MESOY METALL 
P1T1 vs. P1T2 
P2T1 vs. P2T2 
* 
* 
•Significant at 0.1 probability level. 
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Figure 31.a. Fuel consumption with varying speed at P1T1 
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Figure 31.c. Fuel consumption with varying speed at P2T1 
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Figure 31.d. Fuel consumption with varying speed at P2T2 
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engine increased as the result of increasing injection pump rpm with 
increasing engine speed. Operating the engine with No. 2 diesel at all 
treatment combinations resulted in a significantly lower fuel consumption 
than with the ester fuels. There was not sufficient evidence for a 
significant difference in the fuel consumption between the methyl soyoil 
and methyl tallow ester at all treatment combinations. The fuel 
consumption of the ester fuels was higher by 5.4 to 12.9% than that of 
No. 2 diesel at the manufacturer's injection pressure-timing setting. 
The percentage increase in the fuel consumption of the ester fuels over 
that of No. 2 diesel at the remaining treatment combinations were as 
follows; 3.6 to 4.8% at 18.6 MPa - 19 degrees BTDC (P1T1), 5.3 to 7.5% at 
24.1 MPa - 19 degrees BTDC (P2T1), and 5.1 to 7.1% at 24.1 MPa - 19 
degrees BTDC (P2T2). Greater differences in the fuel consumption between 
the ester fuels and No. 2 diesel were present when the engine was 
operating at the rated engine speed. 
Significantly higher fuel consumption with the engine running on 
ester fuels than on No. 2 diesel was mostly due to the differences in the 
heating value, specific gravity and viscosity of the two fuels. Both the 
ester fuels had a lower heating value than the No. 2 diesel. The engine 
would respond with an increased fuel flow of these low energy based fuels 
in order to maintain a specific load. Specific gravity (density) and 
viscosity, according to McConnell and Howells (1967), influence the 
quantity of fuel delivered by the diesel engine's injection pump in the 
following ways: 
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1. The high viscosity allows a lower fuel leakage to occur through 
the clearance spaces which surround both the pumping element 
and the injector needle. For a given fuel pump delivery 
setting, a larger volume of fuel is delivered to the engine 
cylinder as the fuel viscosity is increased. 
2. The injection pump delivers a fixed volume of fuel. The mass 
of fuel delivered to the cylinder is increased as the gravity 
(density) of the fuel is increased. 
Advanced injection timing at injection pressure of 18.6 MPa resulted 
in a significant increase in the fuel consumption of No. 2 diesel. There 
was no significant effect of advanced injection timing at this injection 
pressure setting on the fuel consumption of ester fuels. However, 
advanced injection timing at injection pressure of 24.1 MPa resulted in a 
significant decrease in the fuel consumption with all the three test 
fuels. 
Increased injection pressure at both injection timings resulted in a 
significant decrease in the fuel consumption of all test fuels. An 
average decrease in the range of 6.4 to 7.0% in the fuel consumption of 
the ester fuels occurred when injection pressure was increased at the 
manufacturer's specified injection timing. The decrease was slightly 
greater at the engine rated speed than at the two reduced speeds. There 
were two reasons that could explain the decrease in the fuel consumption 
with increased injection pressure. First, better fuel atomization and 
penetration with increased injection pressure gave better fuel combustion 
and thus lower fuel consumption. Second, shorter injection duration 
117 
because of the delay 1n the opening of the injectors resulted in a 
reduction in the amount of fuel injected. The latter would result in a 
reduction in the engine power output. 
Tables and 9 and 10 respectively summarize the results of the ANOVA 
for brake power and the LSD test of the parameters between treatment 
combinations. The main effect of brake power was highly significant with 
injection pressure, and between fuels. Figures 32.a through 32.d present 
the plots of brake power against engine speed at various treatment 
combinations. 
The engine brake power, at all treatment combinations, increased 
with engine speed. Increasing speed increases the engine power cycles 
per given time, and resulted in increased power output. The brake power 
of the engine operating on methyl soyoil or methyl tallow esters was 
significantly lower than when operating on No. 2 diesel at all treatment 
combinations. There was not sufficient evidence for a significant 
different in the brake power between the two ester fuels. The brake 
power output with the ester fuels was lower than with No. 2 diesel by the 
following percentage range at the respective treatment combinations: 10.6 
to 11.0% at 18.6 MPa - 19 degrees BTDC (P1T1), 3.2 to 4.0% at 18.6 MPa -
14 degrees BTDC (P1T2), 4.5 to 6.8% at 24.1 MPa - 19 degrees BTDC (P2T1), 
and 3.0 to 5.4% at 24.1 MPa - 14 degree BTDC (P2T2). At injection 
pressure of 18.6 MPa, the greatest brake power difference between the two 
fuels was at the rated speed whereas at injection pressure of 24.1 MPa 
the difference was slightly greater at 2000 rpm. 
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Table 9. ANOVA for brake power 
Source DF SS F value 
P 1 1689.2696 1270.00 ** 
T 1 0.0861 0.06 
F 2 248.8356 93.54 ** 
P*T 1 98.0218 73.69 *$ 
P*F 2 40.3899 15.18 ** 
T*F 2 35.1180 13.20 ** 
P*T*F 2 18.2074 6.84 ** 
•Significant at at 0.1 probability level. 
••Highly significant at 0.01 probability level. 
Table 10. LSD test on the brake power means 
Source F level 
Between fuels P1T1 P1T2 P2T1 P2T2 
NO. 2 DIESEL vs. MESOY 
NO. 2 DIESEL vs. METALL 
MESOY vs. METALL 
* 
* 
* 
* 
* 
* 
Between injection pressures NO. 2 DIESEL MESOY METALL 
T1P1 vs. T1P2 
T2P1 vs. T2P2 
* 
* 
Between injection timings NO. 2 DIESEL MESOY METALL 
P1T1 vs. P1T2 
P2T1 vs. P2T2 
•Significant at 0.1 probability level. 
119 
Q. 
Ill 
66 
64 
62 
60 ' 
58 ' 
56 • 
54 ' 
52 • 
50 • 
48 • 
46 -
44 • 
42 • 
40 « 
Brake Power 
Pin 
NOj DIESEL 
UESOY 
2.1 _ Z3 (Thouaonds) 
ENCMERPU 
Z5 
Figure 32.a. Brake power with varying speed at P1T1 
Broke Power 
P1T2 
Figure 32.b. Brake power with varying speed at P1T2 
120 
Brake Power 
66 
64 -
62 -
60 -
96 
56 1 
54 
50 4 
48 -
44 -
UETALL 42 -
40 
CThoumondm) 
ENQNERPU 
Figure 32.c. Brake power with varying speed at P2T1 
Broke Power 
PZT2 
64 -
58 
56 
52 -
"1 
48J NOa DIESEL 
MESOY uerAiL 
44 -
42 -
2.1 2J 2J 
(Thousondt) 
ENONERPU 
Figure 32.d. Brake power with varying speed at P2T2 
121 
Advanced injection timing at the manufacturer's injection pressure 
resulted in a significant increase in the brake power output of No. 2 
diesel. There was no significant effect of advanced injection timing at 
this injection pressure setting on the brake power output of ester fuels-
Advanced injection timing at the injection pressure of 24.1 MPa resulted 
in a significant decrease in the brake power output with all the three 
test fuels. 
Increased injection pressure at both timing settings resulted in a 
significant decrease in the brake power of all the test fuels. This 
decrease was in the range of 10.1 to 11.8% in the brake power for the 
ester fuels when injection pressure was increased at the manufacturer's 
injection timing setting. This decrease was mainly due to the reduction 
in fuel flow as earlier explained. 
Brake specific fuel consumption 
Brake specific fuel consumption can be defined as the mass in 
kilograms of fuel used per hour to develop one kilowatt-hr of energy. 
The ANOVA for the brake specific fuel consumption is presented in Table 
11. The main effect of brake specific fuel consumption with injection 
pressure and between fuels was highly significant, and with injection 
timing was significant at only 0.1 probability level. In addition, the 
analyses also indicated a significant interaction between injection 
timing and fuel. Specific contrast analyses were conducted between 
treatment combinations and the results are summarized in Table 12. 
Figures 33.a through 33.d present the plots of brake specific fuel 
consumption against power at various treatment combinations. 
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Table 11. ANOVA for brake specific fuel consumption 
Source DF SS F value 
P 1 0.0100 42.69 ** 
T 1 0.0008 3.57 * 
F 2 0.0114 24.41 ** 
P*T 1 >0.0001 0.09 
P*F 2 >0.0001 0.03 
T$F 2 0.0011 2.44 * 
P*T*F 2 0.0007 1.40 
•Significant at at 0.1 probability level. 
••Highly significant at 0.01 probability level. 
Table 12. Contrast analysis for brake specific fuel consumption 
Source 
Between fuels 
NO. 2 DIESEL vs. MESOY 
NO. 2 DIESEL vs. METALL 
MESOY vs. METALL 
Between injection pressures 
T1P1 vs. T1P2 
T2P1 vs. T2P2 
Between injection timings 
P1T1 vs. P1T2 
P2T1 vs. P2T2 
F level 
P1T1 P1T2 P2T1 P2T2 
* * * * 
* t * t 
NO. 2 DIESEL MESOY METALL 
* * * 
* t * 
NO. 2 DIESEL MESOY METALL 
* 
•Significant at 0.1 probability level. 
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The engine brake specific fuel consumption with the three test 
fuels, at all treatment combinations, decreased with increasing power 
level. The major factor contributing to this was the increase in the 
mechanical efficiency at increasing power levels. Methyl soyoil and 
methyl tallow esters showed significantly higher brake specific fuel 
consumption than No. 2 diesel at all treatment combinations. There was 
not sufficient evidence to indicate a significant difference in the brake 
specific fuel consumption between the two ester fuels at all treatment 
combinations. At the manufacturer's specified injection pressure and 
timing setting, the brake specific fuel consumption with No. 2 diesel was 
in the range of 5.6 to 8.0% lower than that of the ester fuels. These 
percentage differences were greater at the lower operating power level. 
Greater brake specific fuel consumption with ester fuels was mainly due 
to increased fuel flow rather than reduced power. The two ester fuels, 
having an average of about 12.3% less heating value than No. 2 diesel, 
required more fuel flow than No. 2 diesel in order to obtain equal power 
output. The methyl tallow ester, even though it had slightly greater 
heating value, showed no significant difference in brake specific fuel 
consumption than the methyl soyoil ester. 
Advanced injection timing at injection pressure setting of 18.6 MPa 
resulted in a significant decrease in the brake specific fuel consumption 
with No. 2 diesel. There was no significant effect of advanced injection 
timing on the brake specific fuel consumption of No. 2 diesel at 
injection pressure setting of 24.1 MPa and of the ester fuels at both 
injection pressure settings. 
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Increased injection pressure at both injection timing settings 
resulted in a significant increase in the brake specific fuel consumption 
when operating at the higher operating power range with the three test 
fuels. An increase in the brake specific fuel consumption of about 9.2% 
with the ester fuels near the maximum power level occurred with increased 
injection pressure at the manufacturer's injection timing setting. This 
increase could be due to poor fuel combustion at the high operating power 
level. 
Fuel-air and fuel-air equivalence ratio 
Fuel-air ratio represents the mass ratio of the relative portions of 
fuel and air introduced into the engine combustion chamber. The fuel-air 
equivalence ratio is simply the ratio between the actual fuel-air ratio 
to the stoichiometric (chemically correct) fuel-air ratio for a complete 
conversion of the fuel into oxidized-products. 
The ANOVA for the fuel-air ratio and fuel-air equivalence ratio are 
summarized in Tables 13 and 14. The main effects of fuel-air ratio and 
fuel-air equivalence ratio with injection timing were highly significant, 
and between fuels were only significant at 0.1 probability level. Both 
ANOVA tables also indicated a significant interaction between injection 
timing and fuel. Tables 15 and 16 respectively present the contrast 
analyses between treatment combinations for the fuel-air ratio and the 
fuel-air equivalence ratio. The plots of the fuel-air ratio against 
power at various treatment combinations are presented in Figures 34.a 
through 34.d. The plots for the fuel-air equivalence ratio are presented 
in Figures 35.a through 35.d. 
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Table 13. ANOVA for fuel-air ratio 
Source DF SS X 103 F value 
P 1 0.0015 0.98 
T 1 0.0150 10.05 ** 
F 2 0.0091 3.03 * 
P*T . 1 0.0008 0.55 
P*F 2 0.0010 0.34 
T*F 2 0.0084 2.81 * 
P*T*F 2 0.0012 0.41 
•Significant at at 0.1 probability level. 
••Highly significant at 0.01 probability level. 
Fuel-air ratio of all test fuels increased with increasing operating 
power levels. The fuel-air ratio of the methyl soyoil and methyl tallow 
esters were not significantly different, but were relatively higher than 
No. 2 diesel at all treatment combinations. Increasing differences in 
the fuel-air ratio between the ester fuels and No. 2 diesel were observed 
at increasing power levels. An increase in the fuel-air ratio in the 
range of 0 to 12.9% with the ester fuels over that of the No. 2 diesel 
was observed at the manufacturer's injection pressure-timing setting. 
Increased injection pressure at both injection timing settings 
showed no significant effect on the fuel-air ratio with the three test 
fuels. Advanced injection timing at both injection pressure settings 
resulted in a significantly higher fuel-air ratio with No. 2 diesel near 
high idle operation and the difference became insignificant at increasing 
power levels. With the two ester fuels, advanced injection timing at 
both injection pressure settings showed no significant effect on fuel-air 
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Table 14. ANOVA for fuel-air equivalence ratio 
Source DF SS X 103 F value 
P 1 0.2612 0.97 
T 1 2.8083 10.42 ** 
F 2 2.3646 4.39 * 
P*T 1 0.1163 0.43 
P*F 2 0.1519 0.28 
T*F 2 1.8232 3.38 * 
P*T*F 2 0.1951 0.36 
•Significant at at 0.1 probability level. 
**Highly significant at 0.01 probability level. 
• Table 15. Contrast analysis for fuel-air ratio 
Source F level 
Between fuels P1T1 P1T2 P2T1 P2T2 
NO. 2 DIESEL vs. MESOY * * * * 
NO. 2 DIESEL vs. METALL * * * $ 
MESOY vs. METALL 
Between injection pressures NO. 2 DIESEL MESOY _METALL 
T1P1 vs. T1P2 
T2P1 vs. T2P2 
Between injection timings NO. 2 DIESEL MESOY METALL 
P1T1 vs. P1T2 * 
P2T1 vs. P2T2 * 
•Significant at 0.1 probability level. 
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Table 16. Contrast analysis for fuel-air equivalence ratio 
Source F level 
Between fuels P1T1 P1T2 P2T1 P2T2 
NO. 2 DIESEL vs. MESOV 
NO. 2 DIESEL vs. METALL 
MESOY vs. METALL 
* 
* 
Between injection pressures NO. 2 DIESEL MESOY METALL 
T1P1 vs. T1P2 
T2P1 vs. T2P2 
Between injection timings NO. 2 DIESEL MESOY METALL 
P1T1 vs. P1T2 
P2T1 vs. P2T2 
•Significant at 0.1 probability level. 
ratio. 
Fuel-air equivalence ratio of all the test fuels increased with 
increasing operating power levels. Significantly lower fuel-air 
equivalence ratios or leaner combustion for the ester fuels over No. 2 
diesel, especially at high idle operations, were obtained with treatment 
combination 18.6 MPa - 14 degrees BTDC (P1T2) and 24.1 MPa - 14 degrees 
BTDC (P2T2). With the other two treatment combinations, there was not 
sufficient evidence to claim a significant difference in the fuel-air 
equivalence ratio between the tested fuels. 
Increased injection pressure, like fuel-air ratio, had no 
significant effect on the fuel-air equivalence ratio of the three test 
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fuels at either injection timing setting. Advanced injection timing at 
both injection pressures showed no significant effect on the fuel-air 
equivalence ratio with the ester fuels. However, No. 2 diesel showed a 
significant increase in the fuel-air equivalence ratio, or a richer 
combustion, at higher power levels as the result of advanced injection 
timing at both injection pressure settings. 
Start of injection 
Tables 17 and 18 respectively summarize the results of the ANOVA for 
the start of fuel injection, and the contrast analyses of the parameter 
between treatment combinations. The main effect of the start of 
injection was highly significant with injection pressure, injection 
timing and between fuels. Highly significant and significant 
interactions were obtained with most factor combinations. Figures 36.a 
through 36.d present the plots of injection timing against power at 
various treatment combinations. 
For all treatment combinations and test fuels, injection began 
earlier with increasing operating power. Higher fuel flow through the 
injection pump at increasing operating power levels forced the injector 
needle valve to open earlier. Most treatment combinations, with the 
exception of the treatment combination 18.6 MPa - 14 degrees BTDC (P1T2), 
showed a significantly later injection of No. 2 diesel and a 
nonsignificant difference in the start of injection between the two ester 
fuels. The higher flow resistance for the more viscous ester fuels 
compared to No. 2 diesel was compensated for by less internal leakage in 
the injection pump, thus producing higher fuel flow to the injectors. 
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Table 17. ANOVA for start of fuel injection 
Source OF SS F value 
P 1 7.6637 116.84 ** 
T 1 260.9417 3978.45 ** 
F 2 1.6864 12.86 ** 
P*T 1 0.4773 7.28 * 
P*F 2 0.5119 3.90 * 
T*F 2 11.9478 91.08 ** 
P*T*F 2 1.4258 10.87 ** 
•Significant at at 0.1 probability level. 
••Highly significant at 0.01 probability level. 
Table 18. Contrast analysis for start of fuel injection 
Source F level 
Between fuels P1T1_ .. PjT2 P2T1 P2T2 
NO. 2 DIESEL vs. MESOY * * * * 
NO. 2 DIESEL vs. METALL * * * * 
MESOY vs. METALL * 
Between injection pressures NJ0._2. DIESEL,. .MESOy , METALL 
T1P1 vs. T1P2 * * * 
T2P1 vs. T2P2 t t $ 
Between injection timings NO. 2 .DIESEL. _MESOV METALL 
P1T1 vs. P1T2 * * * 
P2T1 vs. P2T2 * * * 
•Significant at 0.1 probability level. 
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The high fuel flow gave rise to an early opening of the injector needle 
valve. However, at treatment combination 18.6 MPa - 14 degrees BTDC 
(P1T2), early injection of No. 2 .diesel was noted at all power levels. 
Such peculiar differences were for no obvious reasons. 
A shift in the injection timing curves of the test fuels by about 5 
degrees of crank angle as the result of changing injection timing setting 
could be observed by comparing Figure 38.b with Figure 38.a and Figure 
38.d with Figure 38.c. The gas pressure and density inside the engine 
cylinder at the time of fuel injection were lower at advanced timing. 
Reduction in the gas pressure, as mentioned by Giffen and Maraszew 
(1953), had the effect of increasing both the atomization and the 
penetration of the fuel spray. 
Ignition delay 
Fuel does not ignite instantaneously when it is injected into the 
hot combustion chamber. There is a time period, called the ignition 
delay, during which the fuel is heated, vaporized, mixed with air, and 
undergoes chemical precombustion reactions necessary for spontaneous 
ignition. Ignition delay is the difference, in crank angle degrees, 
between the start of fuel injection and the start of combustion. The 
start of combustion was assumed to occur at the beginning of the pressure 
rise resulting from the combustion of the fuel. These two points were 
determined from the fuel-line and the engine cylinder pressure traces 
taken from the oscilloscope. The time difference between point x and y 
as noted in Figure 37 represents the ignition delay period of the fuel 
for that particular cycle. 
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140 
Table 19 presents the results of the ANOVA for ignition delay. The 
main effects of ignition delay with injection pressure, injection timing, 
and between fuels was highly significant. Highly significant 
interactions were also obtained with all factor combinations. The 
results of the contrast analyses of ignition delay between treatment 
combinations are given in Table 20. Figures 38.a to 38.d present the 
plots of ignition delay versus power at various treatment combinations. 
Ignition delay for all three test fuels, at the four treatment 
combinations, decreased with increasing operating power level. The 
increase in the average gas temperature in the engine cylinder had the 
effect of reducing the fuel ignition delay. Greater decreasing rate of 
ignition delay with increasing power was observed with advanced injection 
timing at both injection pressure settings. At all treatment 
combinations. No. 2 diesel showed the longest delay period, followed by 
methyl soyoil ester and methyl tallow ester. Significantly greater 
differences in the ignition delay period between the test fuels occurred 
at the lower power levels. Shorter ignition delay period in the range of 
12.5 to 18.3% with the methyl soyoil ester and 23.6 to 31.8% with the 
methyl tallow ester than with No. 2 diesel, were observed at the 
manufacturer's injection pressure-timing setting. Significant 
differences in the ignition delay period between test fuels were very 
much related to fuel chemical composition rather than the physical 
property variations. The fuels with the lowest cetane number showed the 
longest ignition delay period. 
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Table 19. ANOVA for ignition delay 
Source DF SS F value 
P 1 121 .6637 1423. 55 
T 1 75 .7214 887. 26 ** 
F 2 157 .7776 924. 37 
P*T 1 3 .1690 37. 13 ** 
P*F 2 39 .8130 233. 25 ** 
T*F 2 9 .1252 53. 46 ** 
P*T*F 2 1 .3274 7. 78 ** 
•Significant at at 0.1 probability level. 
••Highly significant at 0.01 probability level. 
, Table 20. Contrast analysis for ignition delay 
Source F level 
Between fuels P1T_1_ P1T2. _P2T1 _ .P2T2 
NO. 2 DIESEL vs. MESOV * * * * 
NO. 2 DIESEL vs. METALL * * * * 
MESOY vs. METALL * * * * 
Between injection pressures NO. 2 .DIESEL_ ,...MEsoy._ . _METALL 
T1P1 vs. T1P2 * * * 
T2P1 vs. T2P2 t * 
Between injection timings N0^2_ .DIESEL _MESOY . . METALL 
P1T1 vs. P1T2 * * * 
P2T1 vs. P2T2 * * * 
•Significant at 0.1 probability level. 
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Advanced injection timing at both injection pressure settings, 
significantly shortened the ignition delay of all test fuels at high idle 
operations and to a lesser extent at increasing power levels. This 
effect was more pronounced at injection pressure of 24.1 MPa than at 18.6 
MPa. Advanced injection timing at the manufacturer's injection pressure 
setting shortened the ignition delay of the methyl soyoil ester by 5.3% 
and methyl tallow ester by 7.2% at the engine high idle operation. 
Increased injection pressure at both injection timing settings gave 
shorter ignition delay periods with No. 2 diesel and methyl soyoil ester. 
The effect was greater at high idle operation, and to a lesser extent at 
increasing power level. Shorter ignition delay, in the range of 9.2 to 
12.3%, was found with the methyl soyoil ester with increased injection 
pressure at the manufacturer's injection timing setting. With the methyl 
tallow ester, increased injection pressure at the injection timing of 19 
degrees BTDC gave mixed results; a shorter ignition delay at the lower 
power range and then longer delay with increasing power. There was no 
significant effect of increased injection pressure on the ignition delay 
of methyl tallow ester at the injection timing of 14 degrees BTDC. 
Cylinder peak pressure 
Tables 21 and 22 respectively summarize the results of the ANOVA and 
contrast analyses for the engine cylinder peak pressure. The main effect 
of cylinder peak pressure with injection timing, and between fuels was 
highly significant. Highly significant interactions among most of the 
factor combinations were also obtained. Figures 39.a to 39.d present the 
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Table 21- ANOVA for engine cylinder peak pressure 
Source DF SS X 10-3 F value 
P 1 54. ,01 2. 82 
T 1 5429. 831 282. 65 ** 
F 2 2485. ,671 64. 70 ** 
P*T 1 384. ,058 19. 99 
P*F 2 315. ,148 8. 20 ** 
T*F 2 258. ,406 6. 73 ** 
P$T*F 2 42. ,257 1. 10 
^Significant at at 0.1 probability level. 
**Highly significant at 0.01 probability level. 
. Table 22. Contrast analysis for engine cylinder peak pressure 
Source F level 
Between fuels P1T1 .. PJT2.. P2T1_ ..P2T2 
NO. 2 DIESEL vs. MESOY * * * * 
NO. 2 DIESEL vs. METALL * * * * 
MESOY vs. METALL * 
Between injection pressures NO. 2 DIESEL MESOY METALL 
T1P1 vs. T1P2 * * * 
T2P1 vs. T2P2 $ 
Between injection timings N0,_2_ DIESEL.. MESOY METALL 
P1T1 vs. P1T2 * * * 
P2T1 vs. P2T2 * * * 
•Significant at 0.1 probability level. 
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plots of cylinder peak pressure against power for the various treatment 
combinations. 
The cylinder peak pressure for the three test fuels, for all four 
treatment combinations, increased with increasing operating power levels. 
The increase in cylinder peak pressure was a direct consequence of the 
increase in fuel-air ratio with increasing power level. The peak 
cylinder pressures with methyl soyoil and methyl tallow esters at all 
treatment combinations were significantly higher than with No. 2 diesel. 
There was not sufficient evidence for a significant difference in the 
cylinder peak pressure between methyl soyoil and methyl tallow ester at 
most treatment combinations, with the exception of treatment combination 
24.1 MPa - 14 degrees BTDC (P2T1). Higher cylinder peak pressures in the 
range of 15.5 to 19.3% were found with the ester fuels over those of No. 
2 diesel at the manufacturer's injection pressure-timing combination. 
Fuel cetane number, as mentioned by McConnell and Howells (1967), controls 
both the position and the rate of heat release in the engine cycle. 
Hence, higher cylinder peak pressures with the ester fuels were very much 
related to the greater heat release rate and shorter delay period that 
prevents the combustion from occurring too late in the expansion stroke. 
Advanced injection timing at both injection pressure settings 
resulted in higher cylinder peak pressure with all test fuels. It was 
speculated that higher cylinder peak pressure at advanced injection 
timing occurred because more fuel was injected before ignition. 
Consequently, a more violent burning with an earlier ending in the 
expansion process occurred. Increases in the cylinder peak pressures in 
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the range of 7.7 to 10.8% were observed with the ester fuels as the 
result of advanced injection timing at the manufacturer's injection 
pressure setting. A greater increase in the cylinder peak pressure 
occurred at higher power level. Higher combustion noise together with 
greater mechanical and thermal stresses were usually associated with 
engine operation at higher cylinder peak pressure. 
Even though the main effect of injection pressure was not 
significant, contrast analyses on the parameter were still conducted 
because of the highly significant interactions between injection pressure 
and fuels. The cylinder peak pressures of the test fuels were 
significantly higher with increased injection pressure at the injection 
timing of 19 degrees BTDC. The difference in the peak pressures 
increased with increasing power level with all fuels. At injection 
timing setting of 14 degrees BTDC, significantly higher cylinder peak 
pressure, especially at higher power levels, was obtained with No. 2" 
diesel at increased injection pressure. There was not sufficient 
evidence to indicate a significant effect of increased injection pressure 
on the peak cylinder pressure of ester fuels at this timing setting. 
Engine efficiencies 
An engine should be mechanically efficient and should have an 
efficient combustion process. The three parameters, volumetric 
efficiency, mechanical efficiency, and brake thermal efficiency were used 
in this performance study to describe the efficiencies of the engine 
operating with the test fuels. 
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Volumetric efficiency is defined as the ratio, expressed in 
percentage, of the actual mass of air inducted by the engine on the 
intake stroke to the theoretical mass of air that should have been 
inducted by filling the piston displacement volume with air at 
atmospheric temperature and pressure. Table 23 shows the results of the 
ANOVA for volumetric efficiency. The main effects of volumetric 
efficiency with all the tested factors were found to be not significant. 
Also, there was not sufficient evidence to indicate a significant 
interaction between any factor combinations. The mean volumetric 
efficiency and its standard deviation for the test fuels at the various 
treatment combinations are given in Table 24. The variation in the 
engine volumetric efficiency with power levels was very small as noted 
from the calculated standard deviations at all the treatment 
combinations. 
Mechanical efficiency is defined as the ratio, expressed in 
percentage, of the useful power delivered by the engine to the total 
power developed within the engine. The total power developed within the 
engine was the sum of the brake power and the friction power (hot 
motoring method). The results of the ANOVA for mechanical efficiency are 
given in Table 25. The analysis indicated that varying either injection 
pressure or injection timing had no significant effect on the engine 
mechanical efficiency. It also indicated no significant differences in 
the mechanical efficiency between test fuels at all treatment 
combinations. Figures 40.a through 40.d present the plots of engine 
mechanical efficiency against power at various treatment combinations. 
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Table 23. ANOVA for volumetric efficiency 
Source DF SS F value 
p 1 0.0010 0.00 
T 1 7.5657 1.27 
F 2 2.3172 0.50 
P*T 1 0.2605 0.11 
P*F 2 9.0193 1.95 
T*F 2 4.5546 0.99 
P*T*F 2 2.7542 0.60 
•Significant at at 0.1 probability level. 
••Highly significant at 0.01 probability level. 
Table 24. Mean volumetric efficiency 
R T F  M e a n  v o l u m e t r i c  e f f i c i e n c y  s t d .  d e v i a t i o n  
% % 
1 0 89.8289 0.7841 
1 S 90.0217 0.4575 
1 T 89.6606 0.5180 
2 D 88.1717 1.0894 
2 S 88.8611 0.9426 
2 T 90.6372 0.8695 
2 1 D 89.8306 1.0973 
2 1 S 90.4306 0.8757 
2 1 T 89.3978 1.0396 
2 2 D 89.1350 1.1735 
2 2 S 89.5278 0.7650 
2 2 T 88.6478 0.8741 
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Table 25. ANOVA for mechanical efficiency 
Source DF SS F value 
P 1 2.0061 0.45 
T 1 0.2533 0.06 
F 2 0.3517 0.04 
P*T 1 0.0149 0.00 
P*F 2 0.2831 0.03 
T*F 2 0.4385 0.05 
P*T*F 2 0.1783 . 0.02 
•Significant at at 0.1 probability level. 
••Highly significant at 0.01 probability level. 
The mechanical efficiency increased with increasing power while achieving 
its maximum at the engine rated speed or maximum power level. 
Brake thermal efficiency is the measure of the product of combustion 
efficiency and mechanical efficiency of the engine and is represented as 
the ratio, expressed in percentage, of the mechanical energy output of 
the engine to the heat energy of the fuel. Tables 26 and 27 respectively 
summarize the results of the ANOVA and contrast analyses for the engine 
brake thermal efficiency. The main effect of brake thermal efficiency 
was only significant with injection pressure. There was not sufficient 
evidence for a significant effect of varying injection timing on the 
brake thermal efficiency or for significant differences in the brake 
thermal efficiency between test fuels at any treatment combinations. 
Figures 41.a through 41.d present the plots of engine brake thermal 
efficiency against power at various treatment combinations. The engine 
brake thermal efficiency increased with increasing power level, and 
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Table 26. ANOVA for brake thermal efficiency 
Source DF SS F value 
P 1 9.8447 5.57 * 
T 1 0.4643 0.26 
F 2 0.0803 0.02 
P*T 1 1.7661 1.00 
P*F 2 0.6377 0.18 
T*F 2 2.4811 0.70 
P*T*F 2 0.0296 0.01 
•Significant at at 0.1 probability level. 
••Highly significant at 0.01 probability level. 
Table 27. Contrast analysis for brake thermal efficiency 
Source F level 
Between fuels P1T1 P1T2 P2T1 P2T2 
NO. 2 DIESEL vs. MESOY 
NO. 2 DIESEL vs. METALL 
MESOY vs. METALL 
Between injection pressures NO. 2 DIESEL MESOY METALL 
T1P1 vs. T1P2 
T2P1 vs. T2P2 
Between injection timings NO. 2 DIESEL MESOY METALL 
P1T1 vs. P1T2 
P2T1 vs. P2T2 
•Significant at 0.1 probability level. 
156 
Brake Thermal Efficiency 
Pin 
NOa DIESEL 
BRAKE POWER (kW) 
Figure 41.a. Brake thermal efficiency with varying power 
at P1T1 
Brake Thermal Efficiency 
P1T2 
Figure 41.b. Brake thermal efficiency with varying power 
at P1T2 
157 
Broke Thermal Efficiency 
P2T1 
42 
40 -
38 -
35 -
34 -
32 -
30 -
28 -
26 -
24 -
22 
-
20 -
18 -
16 -
14 
METAU-
DIESEL 
 ^ ÙEsor 
20 40 
BRAKE POWER (kW) 
Figure 41.c. Brake thermal efficiency with varying power 
at P2T1 
46 -
44 -
42 -
40 -
K 38 -
h 36 -
5 34 -
u 
fe 32 -
30 -
5 
28 -
e 26 -1 
w 24 -
m 22 -
20 -
18 -
16 -
14 -
Brake Thermal Efficiency 
PZT2 
NO  ^DIESEL 
20 40 60 
BRAKE POWER (kW) 
Figure 41.d. Brake thermal efficiency with varying power 
at P2T2 
158 
reached its maximum at the engine rated speed, or maximum power. 
Increased injection pressure at either injection timings resulted in a 
significant decrease in the engine brake thermal efficiency only at 
higher operating power levels. An average of 4% and 2% decrease in the 
brake thermal efficiency resulted from increased injection pressure at 
the injection timing setting of 19 and 14 degrees BTDC, respectively. 
Exhaust temperature 
Tables 28 and 29 respectively summarize the results of the ANOVA and 
the contrast analyses for engine exhaust temperature. The main effect of 
exhaust temperature was highly significant with injection timing, and was 
significant at 0.1 probability level between fuels. A significant 
interaction between injection timing and fuels was also observed. 
Figures 42.a through 42.d present the plots of the exhaust temperature 
against power at various treatment combinations. 
The exhaust temperature of the engine with all test fuels at all 
treatment combinations increased with increasing power level. There was 
no significant difference in the exhaust temperature between methyl 
soyoil and methyl tallow esters at all treatment combinations. There was 
also no significant difference in the exhaust temperature between test 
fuels at treatment combination 18.6 MPa - 19 degrees BTDC (P1T1) and 24.1 
MPa - 19 degree BTDC (P2T1). However, a significantly higher exhaust 
temperature with No. 2 diesel than the ester fuels were obtained at 
treatment combination 18.6 MPa - 14 degree BTDC (P1T2) and 24.1 MPa - 14 
degree BTDC (P2T2). Significantly higher exhaust temperature in the 
range of 31.3 to 33.2°C with No. 2 diesel over the ester fuels was 
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Table 28. ANOVA for exhaust temperature 
Source DF SS F value 
P 1 111.26 0.63 
T 1 6685.22 37.60 ** 
F 2 1807.64 5.08 * 
P»T 1 232.80 1.31 
P*F 2 18.49 0.05 
T*F 2 1545.65 4.35 
P*T*F 2 175.24 0.49 
•Significant at at 0.1 probability level. 
**Highly significant at 0.01 probability level. 
. Table 29. Contrast analysis for exhaust temperature 
Source F level 
Between fuels P1T1 P1T2 P2J.L_ P2T2 
NO. 2 DIESEL vs. MESOY * * 
NO. 2 DIESEL vs. METALL * * 
MESOY vs. METALL 
Between injection pressures NO,_2.DIESEL MESOY_ ..METALL 
T1P1 vs. T1P2 
T2P1 vs. T2P2 
Between injection timings NO. 2 DIESEL MESP.Y _METALL 
P1T1 vs. P1T2 * * * 
P2T1 vs. P2T2 * * * 
•Significant at 0.1 probability level. 
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observed when the engine was operating at the manufacturer's injection 
pressure-timing setting. The difference decreased with increasing power 
level. 
Advanced injection timing at both injection pressure settings 
resulted in lower exhaust temperatures with all fuels. A significantly 
lower exhaust temperature in the range of 18.8 to 49.0'C with the ester 
fuels occurred as the result of advanced injection timing at the 
manufacturer's injection pressure setting. The decrease was greater with 
increasing power level. Increased injection pressure at both injection 
timing settings showed no significant effect on the exhaust temperature 
of all the test fuels. Lower exhaust temperatures are normally 
associated with higher engine brake thermal efficiency, as stated by 
Barsic and Humke (1981b). Such a claim did not hold when relating the 
results of the brake thermal efficiency and the exhaust temperature from 
this study. 
Lubricating oil temperature 
Engine lubricating oil temperatures were measured at the sump and 
the main oil gallery. The ANOVA for lubricating oil temperature at both 
locations are summarized in Tables 30 and 31, respectively. The ANOVA 
tables showed a close resemblance to each other. The main effects of 
lubricating oil temperature, at both locations, were highly significant 
with injection pressures and between fuels. Also, significant 
interactions between injection pressure and timing, and between injection 
pressure, timing and fuels were obtained. Tables 32 and 33 present the 
contrast analyses for the lubricating oil temperature at the respective 
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Table 30. ANOVA for lubricating oil temperature at engine sump 
Source DF SS F value 
P 1 3.9542 58.39 ** 
T 1 0.0126 0.19 
F 2 6.8284 50.42 ** 
P*T 1 5.1839 76.55 ** 
P$F 2 0.0835 0.62 
T*F 2 0.0101 0.07 
P*T*F 2 0.8244 6.09 ** 
•Significant at at 0.1 probability level. 
••Highly significant at 0.01 probability level. 
locations. Figures 43.a through 43.d present the plots of lubricating 
oil temperature at engine sump against power at various treatment 
combinations. The plots for the lubricating oil temperature at main oil 
gallery are presented in Figures 44.a through 44.d. 
Engine lubricating oil temperature increased with increasing power 
levels. The lubricating oil temperature of the engine running with No. 2 
diesel was slightly higher than with ester fuels at all treatment 
combinations. Between the ester fuels, the lubricating oil temperature 
of the engine running with methyl soyoil ester was generally higher than 
with methyl tallow ester. Lower lubricating oil temperature by about 0.1 
to 1.9°C with the methyl soyoil ester and 0.2 to 2.2°C with the methyl 
tallow ester compared to No. 2 diesel was observed at the manufacturer's 
injection timing-pressure setting. 
Advanced injection timing at injection pressure of 18.6 MPa resulted 
with a slight increase in the engine lubricating oil temperature with all 
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Table 31. ANOVA for lubricating oil temperature at main oil gallery 
Source OF SS F value 
P 1 1.6477 10.74 
T 1 0.0285 0.19 
F 2 4.0331 13.14 
P*T 1 5.2969 34.52 
P*F 2 0.0899 0.29 
T*F 2 0.2091 0.68 
P*T*F 2 0.6706 3.19 
•Significant at at 0.1 probability level. 
••Highly significant at 0.01 probability level. 
. Table 32. Contrast analysis for lubricating oil temperature at engine 
sump 
Source 
Between fuels 
NO. 2 DIESEL vs. MESOY 
NO. 2 DIESEL vs. METALL 
MESOY vs. METALL 
Between injection pressures 
T1P1 vs. T1P2 
T2P1 vs. T2P2 
Between injection timings 
P1T1 vs. P1T2 
P2T1 vs. P2T2 
F level 
PHI P1T2 P2T1 P2T2 
* * * 
* * * * 
t * * * 
?L0_._2_ DIES_EL . ..MESOY METALL 
* * * 
NO. 2 DIESEL MESOY METALL 
* * * 
* * * 
•Significant at 0.1 probability level. 
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Table 33. Contrast .analysis for lubricating oil temperature at main oil 
gallery 
Source F level 
Between fuels P1T1 P1T2 P2T1 P2T2 
NO. 2 DIESEL vs. MESOY * * * 
NO. 2 DIESEL vs. METALL * * * * 
MESOY vs. METALL * * * 
Between injection pressures NO. 2 DIESEL MESOY .METALL 
T1P1 vs. T1P2 
T2P1 vs. T2P2 * * * 
Between injection timings NO. 2 DIESEL MESOY_ METALL 
P1T1 vs. P1T2 * * * 
P2T1 vs. P2T2 * * * 
'Significant at 0.1 probability level. 
test fuels. Slightly higher lubricating oil temperatures, of about 0.6 
to 1.2'C with the methyl soyoil ester and 0.2 to 2.2'C with the methyl 
tallow ester were obtained with advanced injection timing at the 
manufacturer's injection pressure setting. However, advanced injection 
timing with the injection pressure at 24.1 MPa resulted in a decrease in 
the engine lubricating oil temperature with all test fuels. 
Increased injection pressure at injection timing of 14 degrees BTOC 
showed a slight increase in the engine lubricating oil temperature with 
all fuels. Slightly higher lubricating oil temperatures of about 1.2 to 
2.7'C with the methyl soyoil ester and 0.6 to 1.0'C with the methyl 
tallow ester were observed. Increased injection pressure at injection 
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timing of 19 degrees BTDC had no significant effect on engine lubricating 
oil temperature with all fuels. 
Energy rejected to coolant 
The energy rejected to coolant is the ratio, expressed in 
percentage, of the rate of heat loss to engine coolant to the rate of 
energy consumed in the combustion process. Derivation of this term is 
given in Appendix A. Tables 34 and 35 respectively summarize the results 
of the ANOVA for the energy rejected to coolant and the contrast analyses 
of the parameter between treatment combinations. The main effect of the 
energy rejected to coolant was highly significant with injection pressure 
and timing. A highly significant interaction between injection pressure 
and timing was also noted. Figures 45.a through 45.d present the plots 
of energy rejected to coolant against power at various treatment 
combinations. 
The percent of energy rejected to coolant decreased with increasing 
power level and was minimum at the maximum power level where the engine 
was operating at the highest brake thermal efficiency. There was not 
sufficient evidence to indicate a significant difference in the percent 
of energy rejected to coolant between the test fuels at all treatment 
combinations. Advanced injection timing at either injection pressure 
settings resulted in a slight increase in the percent of energy rejected 
to coolant with all fuels. Slightly higher energy loss, in the range of 
0 to 1.4%, was observed with advanced injection timing at the 
manufacturer's injection pressure setting. 
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Table 34. ANOVA for energy rejected to coolant 
Source DF SS F value 
P 1 1.2194 5.52 ** 
T 1 8.3635 37.89 ** 
F 2 0.6797 1.07 
P*T 1 1.6797 6.01 ** 
P*F 2 0.0026 0.01 
T*F 2 0.3434 0.78 
P*T*F 2 0.0816 0.18 
•Significant at at 0.1 probability level. 
••Highly significant at 0.01 probability level. 
. Table 35. Contrast analysis for energy rejected to coolant 
Source F level 
Between fuels P1T1 P1T2 P2T1 P2J2 
NO. 2 DIESEL vs. MESOY 
NO. 2 DIESEL vs. METALL 
MESOY vs. METALL 
Between injection pressures NO. 2 DIESEL MESOY ..METALL 
T1P1 vs. T1P2 * * * 
T2P1 vs. T2P2 * * * 
Between injection timings NO. 2 DIESEL MESOY __METALL 
P1T1 vs. P1T2 * * * 
P2T1 vs. P2T2 * * * 
•Significant at 0.1 probability level. 
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Increased injection pressure had the following effects on the amount 
of energy rejected to coolant: an increase in the percent loss at the 
injection timing setting of 14 degrees BTDC, and a decrease in the 
percent loss at the injection timing setting of 19 degrees BTDC. A 
slight increase in the percent loss, in the range of 0 to 1.3%, was 
observed as the result of increased injection pressure at the 
manufacturer's injection timing setting. 
Carbon dioxide and oxygen 
The results of the ANOVA for the carbon dioxide emissions and the 
oxygen content in the exhaust are given in Tables 36 and 37, 
respectively. Figures 46.a through 46.d present the plots of carbon 
dioxide emissions against power at various treatment combinations. The 
plot for the oxygen content in the emissions are presented in Figures 
47.a through 47.d. 
Carbon dioxide emissions of the three test fuels increased with 
increasing power levels. The level of carbon dioxide emissions was 
entirely controlled by the amount of fuel burned; being greater at 
increasing power level. There was no significant difference in either 
the carbon dioxide emissions or oxygen content in the exhaust between the 
test fuels at all treatment combinations. Besides that, there was no 
significant effect of either increased injection pressure or advanced 
injection timing on the carbon dioxide emissions and the oxygen content 
in the emissions of test fuels. The content of oxygen in the emissions 
decreased with increasing power levels simply because more oxygen was 
needed for the combustion process with the increasing fuel delivery. 
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Table 36. ANOVA for carbon dioxide emissions 
Source DF SS x 103 p value 
p 1 101.52 0.31 
T 1 255.46 0.79 
F 2 108.97 0.17 
P*T 1 343.42 1.06 
P*F 2 133.78 0.21 
T*F 2 161.62 0.25 
P*T*F 2 367.18 0.57 
•Significant at at 0.1 probability level. 
••Highly significant at 0.01 probability level. 
Table 37. ANOVA for oxygen content in exhaust emissions 
Source DF SS x 10^ F value 
P 1 966. ,27 1, .20 
T 1 1334. ,13 1. ,65 
F 2 80. ,76 0, ,05 
P»T 1 673. ,39 0. 83 
P*F 2 717. ,28 0, 44 
T*F 2 673. ,30 0, .42 
P*T*F 2 3018. ,10 1. ,87 
•Significant at at 0.1 probability level. 
••Highly significant at 0.01 probability level. 
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Carbon monoxide 
Carbon monoxide is formed during the intermediate combustion stages. 
Oxidation of carbon monoxide to carbon dioxide occurs as combustion 
proceeds to completion. This oxidation reaction, as stated by Springer 
and Patterson (1972), would be incomplete if there is a lack of oxidant, 
low average gas temperature in the engine cylinder, or a short residence 
time (i.e., time available for the reaction). 
Tables 38 and 39 respectively summarize the results of the ANOVA for 
the carbon monoxide emissions and the contrast analyses of the parameter 
between treatment combinations. The main effect of carbon monoxide 
emissions was highly significant with injection pressure, injection 
timing, and between fuels. Highly significant and significant 
interactions were obtained with most of the factor combinations. Figures 
48.a through 48.d present the plots of carbon monoxide emissions against 
power at various treatment combinations. 
Carbon monoxide emissions of the three test fuels, depending on the 
injection pressure settings, follow two different trends with power 
level. At the injection pressure setting of 18.6 MPa, the carbon 
monoxide emissions with all test fuels were maximum at high idle 
operation, and decreased with increasing power. This trend was observed 
at both injection timing settings. The short residence time at high idle 
operation, especially with the low cetane number fuel and low average 
temperature, gave rise to the high carbon monoxide emissions. The 
combustion process proceeded to completion at increasing power with the 
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Table 38. ANOVA for carbon monoxide emissions 
Source DF SS X 10-3 F value 
P 1 472. 28 34. 79 
T 1 1126. ,67 83. 00 ** 
F 2 1519. ,97 55. 99 ** 
P*T 1 217. ,67 16. 04 ** 
P*F 2 127. ,04 4. 68 * 
T*F 2 228. ,81 8. 43 ** 
P*T*F 2 4. ,25 0. 16 
•Significant at at 0.1 probability level. 
••Highly significant at 0.01 probability level. 
. Table 39. Contrast analysis for carbon monoxide emissions 
Source F level 
Between fuels P1T1 P1T2 P2T1 P2T2 
NO. 2 DIESEL vs. MESOY * • * * 
NO. 2 DIESEL vs. METALL * * * * 
MESOY vs. METALL * * * * 
Between injection pressures NO. 2 .DIESEL . MESOY.._. METALL 
T1P1 vs. T1P2 * * * 
T2P1 vs. T2P2 * * * 
Between injection timings N0._2_ MESEL_. _MESOY..... ... METALL 
P1T1 vs. P1T2 * t t 
P2T1 vs. P2T2 * * 
•Significant at 0.1 probability level. 
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Increase in the average gas temperature in the combustion chamber 
promoting the oxidation reaction. 
At injection pressure setting of 24.1 MPa, carbon monoxide emissions 
of the three test fuels were relatively high at high idle operation, 
decreased to the minimum level at the intermediate power level, and then 
increased with increasing power. This trend was observed at both 
injection timing settings. Giffen and Maraszew (1953) stated that 
increasing injection pressure results not only in a spray of a smaller 
cone angle but also with greater penetration and atomization. The 
resultant spray, because of its small cone angle, has low air entrainment 
into its envelope. Oxygen deficiency within the spray envelope was more 
serious at increasing fuel flow or increasing power levels, and 
consequently led to the high carbon monoxide emissions. 
There was a significant difference in the carbon monoxide emissions 
between the test fuels at all treatment combinations. The No. 2 diesel 
showed the highest carbon monoxide emissions followed by methyl soyoil 
and methyl tallow ester. The carbon monoxide emissions of the methyl 
soyoil ester ranged from 10.6 to 26.5% lower than that of No. 2 diesel at 
the manufacturer's injection-timing setting. With methyl tallow ester, 
the range was 15.8 to 57.0% lower than No. 2 diesel. The differences in 
the carbon monoxide emissions of the two ester fuel compared to No. 2 
diesel were greater at high idle and decreased with increasing power. At 
the injection pressure setting of 24.1 MPa, greater differences in the 
carbon monoxide emissions among the test fuels were observed at high idle 
and again near maximum power levels. 
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Advanced injection timing at injection pressure of 18.6 MPa resulted 
in a significantly lower carbon monoxide emissions with the three fuels 
at high idle operation and, to a lesser extent, at high power level. 
Lower carbon monoxide emissions at high idle operation was due to the 
increase in the residence time at advanced injection timing. A reduction 
in the carbon monoxide emissions in the range of 6.9 to 46.9% with the 
methyl soyoil ester and 23.4 to 45.8% with the methyl tallow ester were 
observed as the result of advanced injection timing at the" manufacturer's 
injection pressure setting. Advanced injection timing at injection 
pressure of 24.1 MPa resulted in significantly lower carbon monoxide 
emissions with the No. 2 diesel and methyl soyoil ester within the 
operating range from high idle to the intermediate power level. Above 
this operating range, both fuels showed slightly higher carbon monoxide 
emissions. With the methyl tallow ester, there was no significant effect 
of advanced injection timing on carbon monoxide emissions at this 
injection pressure setting. 
Increased injection pressure at both injection timing settings gave 
a decrease in the carbon monoxide emissions of all test fuels within the 
operating power range from high idle to the intermediate level. However 
above this operating range, increased injection pressure resulted in an 
increase in the carbon monoxide emissions. Reductions in the carbon 
monoxide emissions of 41.4 % with the methyl soyoil ester and 32.0% with 
the methyl tallow ester at high idle operation as the result of increased 
injection pressure at the manufacturer's injection timing setting were 
observed. But near the maximum power level, the carbon monoxide 
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emissions were higher by 2.6 times with the methyl sqyoil ester and by 
2.5 times with methyl tallow ester with increased injection pressure. 
Unburned hydrocarbons 
Unburned hydrocarbons in the diesel exhaust emissions, as mentioned 
by Campbell et al. (1981) and Varde (1984), may either be composed of the 
original or partially decomposed fuel molecules, or some intermediate 
compounds which formed from recombined fragments. The amount emitted 
depends on the engine operating conditions, the spray characteristics, 
and the interaction of the spray with air in the combustion chamber. 
Tables 40 and 41 respectively summarize the results of the ANOVA for 
the unburned hydrocarbon emissions and the contrast analyses of the 
parameter between treatment combinations. The main effect of the 
unburned hydrocarbon emissions was highly significant with injection 
pressure, injection timing, and between fuels. Highly significant 
interaction was also observed with all factor combinations. Figures 49.a 
through 49.d present the plots of unburned hydrocarbon emission against 
power at various treatment combinations. 
Generally, all three test fuels showed high unburned hydrocarbon 
emissions at high idle operations. The hydrocarbon emissions at idling, 
according to Henein and Patterson (1972), were mainly composed of the 
original fuel molecules because the molecules have little chance to 
decompose later in the cycle due to the relatively low gas temperatures. 
The short residence time at high idle operations especially with the low 
cetane number fuel, causes some leftover unburned fuel to be emitted with 
the exhaust gases. Greatest differences in the unburned hydrocarbon 
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Table 40. ANOVA for unburned hydrocarbon emissions 
Source DF SS X 10-3 F value 
P 1 132, ,66 973. 49 ** 
T 1 234. 24 1719. 00 ** 
F 2 351. 06 1288. 12 ** 
P*T 1 78. 78 578. 10 ** 
P*F 2 78. 48 278. 97 ** 
T*F 2 174. 4 639. 91 ** 
P*T*F 2 61. 9 227. 12 ** 
•Significant at at 0.1 probability level. 
••Highly significant at 0.01 probability level. 
. Table 41. Contrast analysis for unburned hydrocarbon emissions 
Source 
Between fuels 
NO. 2 DIESEL vs. MESOY 
NO. 2 DIESEL vs. METALL 
MESOY vs. METALL 
Between injection pressures 
T1P1 vs. T1P2 
T2P1 vs. T2P2 
Between injection timings 
P1T1 vs. P1T2 
P2T1 vs. P2T2 
F level 
P1T1 P1T2. P2T1 P2T2 
* * * * 
* * * * 
* * 
NO. 2 DIESEL MESOY. METALL 
* t * 
* t * 
NO. 2 DIESEL MESOY METALL 
* * % 
* t * 
•Significant at 0.1 probability level. 
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emissions between the test fuels were at high idle, but the difference 
decreased with increasing power level. A reduction in the unburned 
hydrocarbon emissions in the range of 0 to 69.6% with the methyl soyoil 
ester and 0 to 86.6% with the methyl tallow ester over that of No. 2 
diesel were observed at the manufacturer's injection pressure-timing 
setting. 
Advanced injection timing at both injection pressure settings 
resulted in a significant decrease in the unburned hydrocarbon emissions 
of all test fuels at high idle operation. This decrease became 
relatively small at the maximum operating power with all test fuels and 
treatment combinations. Unburned hydrocarbon emission reductions by 
about 71.7% with the methyl soyoil ester and 55.5% with the methyl tallow 
ester at high idle operations were observed as the result of advanced 
injection timing at the manufacturer's injection pressure setting. 
Again, low unburned hydrocarbon emissions at high idle were due to the 
increase in the residence time at advanced injection timing. 
Increased injection pressure at both injection timing settings gave 
lower unburned hydrocarbon emissions with all test fuels within the 
operating power range from high idle to the intermediate levels. However 
above this operating range, increased injection pressure resulted in an 
increase in the unburned hydrocarbon emissions. A reduction in the 
unburned hydrocarbon emissions by about 65.0% with the methyl soyoil 
ester and 54.2% with the methyl tallow ester at high idle operation 
occurred as the result of increased injection pressure at the 
manufacturer injection timing setting. But near the maximum operating 
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power level, increased injection pressure resulted with higher unburned 
hydrocarbon emissions by 2.3 and 1.2 times with the engine operating on 
methyl soyoil ester and methyl tallow ester, respectively. 
The occurrence of complete combustion with increased injection 
pressure was suppressed at the condition of higher fuel flow due to the 
low air entrainment in the spray envelope. The oxidation reactions were 
limited because of lack of oxygen, in spite of the very high temperatures 
reached. Fuel in locations within the spray envelope that were too rich 
to burn escaped as unburned hydrocarbons, or burned incompletely, causing 
high carbon monoxide and smoke in the exhaust emissions. 
Operating the engine at maximum power level at both advanced 
injection timing and higher injection pressure could result in over-
penetration of the fuel spray. Over-penetration of the fuel spray gave 
rise to wall impingement or quenching. Both of these resulted in an 
increase in unburned hydrocarbon emissions. This occurrence would 
explain the increasing unburned hydrocarbon emissions with increasing 
power level at the treatment combination 24.1 MPa - 19 degrees BTDC 
(P2T1). 
Oxides of nitrogen 
Oxides of nitrogen include nitric oxide (NO) and nitrogen dioxide 
(NO2) which evolve in the diesel combustion process. These gases 
contributes to corrosion, and to the odor and irritating properties of 
the local atmosphere. Springer and Patterson (1972) said that an 
increase in the local temperature and the oxygen concentration within the 
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fuel spray envelope favors an increase in the oxides of nitrogen 
emissions from diesel combustion. 
Tables 42 and 43 respectively summarize the results of the ANOVA for 
the oxides of nitrogen emissions and the contrast analyses of the 
parameter between the treatment combinations. The main effect of the 
oxides of nitrogen emissions was only significant with injection 
pressure. A significant interaction between injection pressure and 
injection timing was also noted. Figures 50.a through 50.d present the 
plots of oxides of nitrogen emissions against power at various treatment 
combinations. 
The oxides of nitrogen emission with the three fuels, at all 
treatment combinations, increased exponentially with increasing power 
level. The increase in the fuel-air ratio with increasing power 
increased the average gas temperature in the combustion chamber, and 
hence the oxides of nitrogen emissions. There was not sufficient 
evidence to indicate for a significant difference in the oxides of 
nitrogen emissions among the three test fuels at all treatment 
combinations. 
Increased injection pressure at both injection timings showed no 
significant effect on the oxides of nitrogen emissions with the three 
test fuels. However, advanced injection timing at injection pressure of 
18.6 MPa resulted in significantly higher oxides of nitrogen emissions 
with all test fuels. All test fuels showed 2 to 2.7 times higher oxides 
of nitrogen emissions throughout the tested power range with the advanced 
injection timing at the manufacturer's injection pressure setting. There 
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Table 42. ANOVA for oxides of nitrogen emissions 
Source DF SS X 10-3 F value 
P 1 23.19 0.66 
T 1 167.49 4.97 * 
F 2 12.22 0.17 
P*T 1 119.02 3.54 * 
P*F 2 3.10 0.04 
T*F 2 6.35 0.10 
P*T*F 2 10.53 0.15 
•Significant at at 0.1 probability level. 
••Highly significant at 0.01 probability level. 
Table 43. Contrast analysis for oxides of nitrogen emissions 
Source F level 
Between fuels 
NO. 2 DIESEL vs. MESOY 
NO. 2 DIESEL vs. METALL 
MESOY vs. METALL 
Between injection pressures 
T1P1 vs. T1P2 
T2P1 vs. T2P2 
Between injection timings 
P1T1 vs. P1T2 
P2T1 vs. P2T2 
P1T1 P1T2 P2T1 P2T2 
N0.._2_ DIESEL MESOY METALL 
NO. 2 DIESEL MESOY METALL 
* * * 
•Significant at 0.1 probability level. 
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was not sufficient evidence to indicate a significant effect of advanced 
injection timing on the oxides of nitrogen emissions with all the test 
fuels at the injection pressure of 24.1 MPa. 
Smoke 
Tables 44 and 45 respectively summarize the results of the ANOVA for 
the exhaust smoke and the contrast analyses of the parameter between 
treatment combinations. The main effect of exhaust smoke was significant 
at 0.1 probability level with injection pressure, and between fuels. 
Figures 51.a through 51.d present the plots of exhaust smokes against 
power at various treatment combinations. 
Smoke levels of all test fuels increased with increasing operating 
power level at all treatment combinations. Increase in fuel-air ratio 
with increasing power resulted in an increase in the smoke level. The 
smoke levels with the ester fuels were significantly lower with than No. 
2 diesel at all treatment combinations. These differences were greater 
at increasing power level. There was not sufficient evidence for a 
significant difference in smoke levels between the methyl soyoil and 
methyl tallow esters at any treatment combination, with the exception of 
treatment combination 18.6 MPa - 14 degrees BTDC (P1T2). A reduction in 
smoke levels, as indicated from the measured bosch smoke no., in the 
range of 80.7 to 85.0% with the methyl soyoil ester and 2.1 to 22.3% with 
the methyl tallow ester over that of No. 2 diesel were obtained at this 
treatment combination. 
Advanced injection timing at both injection pressure settings showed 
no significant effect in the exhaust smoke of the three test fuels. 
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Table 44. ANOVA for exhaust smoke 
Source DF SS F value 
P 1 1.60 5.25 * 
T 1 0.36 1.19 
F 2 2.67 4.38 * 
P*T 1 0.27 0.87 
P*F 2 0.88 1.44 
T*F 2 0.31 0.51 
P*T*F 2 0.32 0.52 
'Significant at at 0.1 probability level. 
**Highly significant at 0.01 probability level. 
• Table 45. Contrast analysis for exhaust smoke 
Source F level 
Between fuels P1T1 P1T2 P2T1 P2T2 
NO. 2 DIESEL vs. MESOY * * * * 
NO. 2 DIESEL vs. METALL * * * * 
MESOY vs. METALL * 
Between injection pressures NO. 2 DIESEL MESOY METALL 
T1P1 vs. T1P2 * * * 
T2P1 vs. T2P2 * * * 
Between injection timings NO. 2 DIESEL MESOY METALL 
P1T1 vs. P1T2 
P2T1 vs. P2T2 
•Significant at 0.1 probability level. 
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However, a significant increase in smoke level, especially at the maximum 
operating power level, was observed with all test fuels with increased 
injection pressure at both injection timings. An increased in the smoke 
levels by 5.0 to 7.8 times with the engine operating on methyl soyoil 
ester and 1.3 times with the engine operating on methyl tallow ester 
occurred with increased injection pressure at the manufacturer's 
injection timing setting. Low air entrainment within the spray envelope 
was assumed to be the cause for the high smoke level with the engine 
operating at high injection pressure. 
Engine Contamination 
The entire engine performance test took more than 138 hours of 
engine operation for its completion. All four fuel injectors were 
removed from the test engine prior to the start of a new treatment 
combination. The injectors were inspected, cleaned, and calibrated to 
the required pressure setting before they were reinstalled in the test 
engine. Visual inspection of the injectors indicated that all showed a 
similar amount of carbon buildup for all four treatment combinations. A 
brief inspection for carbon deposition in the internal engine parts was 
conducted after all treatment combinations were tested. The cylinder 
head was taken off the test engine to accomplish this inspection. No 
quantitative analyses of the carbon deposition or wear in the engine 
parts were carried out. Photographs of the injector nozzles and the 
combustion chamber are presented in Appendix D. The following 
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descriptions were made regarding the deposit buildup on the respective 
engine parts: 
Injector nozzles - Slight deposition at the tips without obstructing 
the orifices. Soft and sooty in nature, black, and easily wiped 
off. 
Combustion area of cylinder head - Uneven depositions, slightly 
heavier at the side not directly exposed to the fuel spray. Formed 
into flakes, having mixed black and white color, and easily peeled 
off from the surface. Light deposition of black soot on both valve 
surfaces, with the exhaust valve surfaces having more deposition 
than the intake valve surfaces. 
Cylinder liners - Light deposition of black soot uniformly covering 
most parts of the liner surfaces. The areas free from deposition 
showed no visible sign of wear (scratches). 
Piston top - Uneven deposition throughout the surface. Black with 
gritty texture, and slightly harder than the deposits on the earlier 
mentioned engine parts. Removal of these deposits required intense 
scraping. 
Since the engine was disassembled only once, no conclusions can be 
drawn regarding possible differences in deposits resulting from the 
different treatments. 
Random scattering of rust spots that were Imbedded in the deposits 
were observed throughout most engine parts. The formation of these rust 
spots was not related to, or a result of, the combustion process of the 
test fuels. The rust could have been formed during the few days between 
the end of testing and the engine disassembly for inspection. 
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SUMMARY AND CONCLUSIONS 
Development of the compression ignition engine, since its invention, 
has been in parallel with diesel fuel development. Utilizing vegetable 
oil fuels in diesel engines may require property changes in the oil or 
perhaps, some minor engine modifications or operating changes. The past 
literature revealed that little work has been done to assess how changes 
in the engine for use with vegetable oil could influence engine 
performance. Consequently, this study was conducted to look at the 
effects of increased injection pressure and advanced injection timing on 
the performance of a diesel engine operating on two potential alternative 
fuels; methyl esters of soybean oil and inedible animal tallow. 
A 3-way factorial (2x2x3) experimental design was employed in 
this engine performance test. The whole experimental design consisted of 
two levels of injection pressure (18.6 ± 0.69 MPa and 24.1 ± 0.69 MPa), 
two levels of injection timing (19 degrees before TDC and 14 degrees 
before TDC), and three different fuel types (Phillips No. 2 control 
diesel, methyl soyoil ester and methyl tallow ester). The test engine 
was a 4 cylinder, naturally aspirated, direct injection John Deere 
tractor engine with a 3.92 liter displacement and 17.2:1 compression 
ratio. The engine-dynamometer test setup was fully instrumented to 
provide all the required measurements for determination of the needed 
performance variables. The physical and chemical properties of the test 
fuels were determined in accordance with the standards established by the 
ASTM and AOCS. No quantitative analyses of injector fouling or engine 
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and lubricating oil contamination were conducted because of the short-
test period within each treatment combination. 
The entire engine performance test took more than 138 hours of 
engine operation for its completion. No major problems was encountered 
with the test engine throughout the duration of this performance test. A 
slight power loss, combined with an increase in fuel consumption (kg/hr) 
was noted with the engine operating at the three tested speeds at all 
four treatment combinations. Advanced injection timing at the 
manufacturer's injection pressure setting showed no significant effect on 
the brake power of the engine operating on ester fuels. However, 
increased injection pressure at the manufacturer's timing setting 
resulted in a significant decrease in the brake power output with the 
engine operating on ester fuels. This drop was due to a reduction in the 
quantity of fuel flow into the engine. 
In the varying power test, lower exhaust emissions despite a slight 
increase in brake specific fuel consumption, were observed with the 
engine operating with ester fuels as compared to No. 2 diesel. The 
increase in the brake specific fuel consumption was mainly attributed to 
the low heating value of the ester fuels. There was generally no 
significant difference in the engine performance between the two ester 
fuels, but the saturated ester fuel (methyl tallow) had slightly lower 
carbon monoxide and unburned hydrocarbon emissions, and higher smoke 
levels. 
Operating the engine with increased injection pressure at the lower 
power range gave slightly better fuel combustion as indicated by the low 
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carbon monoxide and unburned hydrocarbon emissions. However, the engine 
showed poor fuel combustion near the maximum operating power level. This 
was evidenced by the increase in the brake specific fuel consumption 
together with the decrease in the brake thermal efficiency. Increased 
injection pressure resulted in a spray of smaller cone angle but with 
greater penetration and better atomization. The occurrence of complete 
combustion was suppressed at the condition of high fuel flow. The 
oxidation reactions were limited because of the lack of oxygen within the 
spray envelope, in spite of the very high temperature reached. Fuels in 
some locations within the spray envelope that were too rich to burn 
escaped as unburned hydrocarbons, or burned incompletely causing high 
carbon monoxide and smoke levels in the exhaust emissions. Operating the 
engine at such condition for extended periods could give rise to deposit 
problems in the combustion chamber. 
Operating the engine at advanced timing on the ester fuels could be 
recommended if the observed increases in the cylinder peak pressures were 
within the tolerance of the engine, and the increases in the oxides of 
nitrogen emissions were within acceptable limits. At advanced injection 
timing, the engine showed low carbon monoxide and unburned hydrocarbon 
emissions especially at the lower operating power range. There were no 
perceptible difference in brake specific fuel consumption, brake thermal 
efficiency and smoke levels with the engine at advanced injection timing, 
unlike the increase in those parameters when the engine was operating at 
increased injection pressure. 
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The following specific observations were drawn from this study: 
1. Sulphur and ash content, carbon residue, and copper corrosion 
indexes with the three test fuels were below the maximum limit 
stated in the ASTM 0975 standard. Water and sediment content in the 
methyl soyoil ester, unlike the No. 2 diesel and methyl tallow, 
exceeded the maximum limit specified in the standard. The sediment 
in the methyl soyoil ester could have been foreign materials that 
were not properly filtered during the extraction process. 
2. The flash point and cetane number of all test fuels were above the 
minimum limit specified in the ASTM D975 standard. The esters 
showed relatively higher flash point and cetane number than No. 2 
diesel. High flash points for the esters make them safer to handle 
and store than No. 2 diesel. The presence of the highly saturated 
fatty acids in the methyl tallow ester composition raised the fuel 
cetane number but showed no significant effect on the fuel flash 
point. 
3. Methyl soyoil and methyl tallow esters, because of the high pour and 
cloud points, would not be suitable as engine fuels for extreme cold 
weather operations unless provision were made to warm the fuels in 
the tanks. Between the two ester fuels, the highly saturated methyl 
tallow ester is much more susceptible to cold weather problems. 
4. The heating value on a mass basis of the methyl soyoil and methyl 
tallow esters were respectively about 12.5 and 12.1% less than No. 2 
diesel. The differences in the heating value between the two ester 
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fuels were small, even though they were of different fatty acid 
compositions. 
5. Viscosity, surface tension, and specific gravity of the esters were 
relatively higher than No. 2 diesel. Unlike viscosity, surface 
tension and specific gravity between the two esters were lower for 
the saturated (methyl tallow) ester. The percentage differences in 
the specific gravity between the esters and No. 2 diesel were much 
smaller compared to the percentage differences for viscosity and 
surface tension. Therefore, the varying degree of atomization 
between the esters and No. 2 diesel would be largely attributed to 
the effect of viscosity and surface tension rather than to specific 
gravity. 
6. Operating the engine at manufacturer's injection pressure and timing 
setting with methyl soyoil ester and methyl tallow ester gave the 
following performance characteristics as compared to No. 2 diesel: 
a. Increase in the brake specific fuel consumption in the range of 
5.6 to 8.0% with both esters; being greater at the lower power 
levels. There was no significant difference in the brake 
specific fuel consumption between the ester fuels. 
b. Increased fuel-air ratio (mass basis) in the range of 0 to 
12.8% with both esters; being greater at the upper power 
levels. There was no significant difference in the fuel-air 
ratio between the two ester fuels. 
c. Leaner combustion, especially at the lower power levels, and to 
a lesser extent at increasing power level with both esters. 
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d. Shorter ignition delay in the range of 12.5 to 18.3% with 
methyl soyoil ester and 23.6 to 31.8% with the methyl tallow 
ester. Relative differences were greater at the lower power 
levels. 
e. Higher cylinder peak pressure in the range of 15.5 to 19.3% 
with both esters. Relative differences were greater at the 
lower power levels. No significant difference in the cylinder 
peak pressure between the two ester fuels were found. 
f. No significant differences in the mechanical efficiency, brake 
thermal efficiency and the percentage of energy rejected to 
coolant with and between the ester fuels were found. 
g. Lower exhaust gas temperature in the by 31.3 to 33.2°C with the 
ester fuels. There were no significant differences in the 
exhaust gas temperature between the two ester fuels. 
h. Slightly lower lubricating oil temperatures (less than 2.2'C) 
within the tested power range with both ester fuels were 
observed. 
i. There were no significant differences in the carbon dioxide 
emissions with and between the two ester fuels. 
j. Lower carbon monoxide emissions in the range of 10.6 to 26.5% 
with methyl soyoil ester and 15.8 to 57.0% with methyl tallow 
ester were found. Differences were greater at the low power 
levels. 
k. Reduction in unburned hydrocarbon emissions by 0 to 69.6% with 
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methyl soyoil ester and 0 to 86.6% with methyl tallow ester. 
These reductions were greater at the lower power levels. 
1. There were no significant differences in the oxides of nitrogen 
emissions with and between the two ester fuels. 
m. Reduction in smoke levels by 80.7 to 85.0% with methyl soyoil 
ester and 2.1 to 22.3% with methyl tallow ester. These 
reductions were greater at high power levels. 
Operating the engine at advanced injection timing with the ester 
fuels gave the following performance characteristics as compared to 
operating the same engine with the ester fuels at the manufacturer's 
specified injection pressure-timing setting: 
a. No significant difference in the brake specific fuel 
consumption with both fuels. 
b. Shorter ignition delay in the range of 0 to 5.3% with methyl 
soyoil ester and 0 to 7.2% with methyl tallow ester. The 
percent delay was greater at low power levels. 
c. Increase in the cylinder peak pressure in the range of 7.7 to 
10.8% with both fuels. The percent increase was greater at 
high power levels. 
d. No significant difference in the mechanical efficiency and 
brake thermal efficiency with both fuels. 
e. Lower exhaust gas temperature in the range of 18.8 to 49.0'C 
with both fuels. The decrease was greater at increasing power 
levels. 
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f. Slight increase in the lubrication oil temperature (less than 
2.2°C) and the percentage of energy rejected to coolant (less 
than 1.4%) with both fuels. 
g. No significant difference in the carbon dioxide emissions with 
both fuels. 
h. Lower carbon monoxide emissions in the range of 6.9 to 46.9% 
with methyl soyoil ester and 23.4 to 45.8% with methyl tallow 
ester. The percent difference was greater at low power levels. 
i. Lower unburned hydrocarbon emissions in the range of 0 to 71.7% 
with methyl soyoil ester and 0 to 55.5% with methyl tallow 
ester. The percent difference was greater at low power levels 
and became insignificant near maximum power level. 
j. Higher oxides of nitrogen emissions by 2 to 2.7 times with both 
fuels. 
k. No significant difference in smoke levels with both fuels. 
Operating the engine at increased injection pressure with the ester 
fuels gave the following performance characteristics as compared to 
operating the same engine with the ester fuels at the manufacturer's 
specified injection pressure-timing setting: 
a. Increase in brake specific fuel consumption by 9.2% with both 
fuels near the maximum operating power level. 
b. Shorter ignition delay in the range of 9.2 to 12.3% with methyl 
soyoil ester. The difference was greater at low power levels. 
No significant difference in the ignition delay of the methyl 
tallow esters. 
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c. No significant difference in the mechanical efficiency, 
exhaust gas temperature and engine cylinder peak pressure with 
both fuels. 
d. Decrease in the brake thermal efficiency by 2% with both fuels 
near the maximum operating power level. 
e. Slight increase in the lubricating oil temperature (less than 
2.7°C) and the percentage of energy rejected to coolant (less 
than 1.4%) with both fuels. 
f. No significant difference in the carbon dioxide emissions with 
both fuels. 
g. Lower carbon monoxide emissions of about 41.4% with methyl 
soyoil ester and 32.0% with methyl tallow ester at engine high 
idle operation. Increased carbon monoxide emissions by 2.6 
times with methyl soyoil ester and 2.5 times with methyl tallow 
ester near the maximum operating power level. 
h. Lower unburned hydrocarbon emissions by 65.0% with methyl 
soyoil ester and 54.2% with methyl tallow ester at engine high 
idle operation. Increased unburned hydrocarbon emissions by 
2.3 times with methyl soyoil ester and 1.2 times with methyl 
tallow ester near the maximum operating power levels. 
i. No significant difference in the oxides of nitrogen emissions 
with both fuels. 
j. Increased in smoke levels by 5.0 to 7.8 times with methyl 
soyoil ester and 1.3 times with methyl tallow ester. 
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A sample FORTRAN program for calculating the various engine performance 
parameters: 
C This program will ask for an external data file-from which 
C engine performance parameters are calculated. The calculated 
C parameter are then stored in the output file named OUT.TXT. 
C 
C Definition of terms: 
c 
C AIRM = Actual mass flow of air, kg/min 
C AIRMT = Theoretical mass flow of air, kg/min 
C AFLOW = Air flow, mp/min 
C BSFCM = Brake specific fuel consumption (mass), kg/kWhr 
C BTOR = Brake torque, Nm 
C BPOW = Brake power, kW 
C CBPOW = Corrected brake power, kW 
C CIPOW = Corrected indicated power, kW 
C CF = Correction factor 
C COOLM = Mass flow of coolant, kg/min 
C DENDA = Density of dry air, kg/mS 
C DISP = Engine total displacement, 1 
C ENERC = Energy rejected to coolant, % 
C EFFBT = Brake thermal efficiency, % 
C EFFME = Mechanical efficiency, % 
C EFFVOL = Volumetric efficiency, % 
C EQUIVR = Fuel-air equivalence ratio 
C FA = Atmospheric factor 
C FAR = Actual fuel-air ratio 
C FM = Engine factor 
C FPOW = Friction power, kW 
C FRPM = Motoring rpm 
C FTOR = Friction torque, Nm 
C FUELM = Mass flow of fuel, kg/hr 
C FUELV = Volumetric fuel consumption, l/hr 
C HVL = Heating value of fuel (low), kJ/kg 
0 PATMOS = Ambient pressure, kPa 
C PDRYA = Dry air pressure, kPa 
0 PVAPOR= Vapor pressure, kPa 
C Q = Fuel delivery, mgal/1 
C QCOOL = Rate of heat lost to coolant, kJ/min 
C QFUEL = Rate of energy consumed, kJ/min 
C RPM = Engine rpm 
C SFAR = Stoichiometric fuel-air ratio 
C SGF = Specific gravity of fuel 
C SWW = Specific weight of water, kg/1 
C TAIRAT = Ambient temperature, °C 
C TAIRIN = Inlet air temperature, X 
C TAIRWB = Wet bulb air temperature, °K 
C TDCOOL = Coolant temperature difference, 'K or 'C 
C TEXH = Exhaust temperature, 'C 
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C TFUEL = Temperature of fuel, 'C 
C TI0L1 = Lubricating oil temperature at engine sump, 'C 
C TI0L2 = Lubricating oil temperature at main oil gallery, "C 
C XIPOW = Indicated power, kW 
. C Z = Const, in Keenan and Keyes equa. for sat. vapor pressure 
C 
C 
IMPLICIT REAL (A-H,0-Z) 
INTEGER FRPM,RPM,RUN 
CHARACTER«64 FNAME 
C 
C Request for data file: 
C 
WRITE(*,10) 
10 FORMAT(' INPUT DATA FILE NAME - '\) 
C 
C Read the data file name from keyboard: 
C 
READ(•,20) FNAME 
20 FORMAT(A) 
C 
C Open input data file: 
C 
0PEN(3,FILE=FNAME) 
C 
C Open output files: 
C 
OPEN(4,FILE='OUT.TXT',STATUS='NEW') 
C 
C Print output heading: 
C 
PRINT* ' ' 
WRITE(4,30) 
WRITE(4,31) 
WRITE(4,32) 
30 FORMAT(//,1X,'BTOR',7X,'RPM',6X,'CBPOW',5X,'CIPOW',5XFUELM', 
Z 6X,'BSFCV') 
31 FORMAT(IX,'CBPOW',5X,'FAR',4X,'EQUIVR',5X,'EFFVL',5X,'EFFME', 
Z 5X,'EFFBT') 
32 FORMATdX, 'CBPOW' ,6X, 'QCOOL',7X, 'ENERC',5X, 'T0IL1 ' ,5X, 'T0IL2', 
Z 5X,'TEXH') 
PRINT* ' ' 
C 
C Read data from input file: 
C 
DO 200 RUN=1,24 
READ(3,*)I1,X2,I3,X4,X5,X6,X7,X8,M9,M10,M11,M12,M13,M14,M15,M16 
IF(X2.EQ.O) GOTO 200 
C 
C Do unit conversion to the data: 
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C 
RPM=I1 
BT0R=X2*1.3563 
FRPM=I3 
FT0R=X4*1.3563 
AFL0W=X5*(2.832E-2) 
FUELM=X6*0.4536 
C00LM=X7*0.4536 
PATM0S=X8*6.8974 
TAIRAT=(M9-32.Q)*0.5556 
TAIRIN=(M10-32.0)*0.5556 
TFUEL=(M11-32.0)*0.5556 
TDC0OL=(M12»0.5556) 
TAIRWB=((M13-32.0)*0.5556)+273.18 
T0IL1 = (M14-32.0*0.5556 
T0IL2=(Ml5-32.0)*0.5556 
TEXH= (M 16-32.0*0.5556 
C 
C Set constants: 
C 
DISP=3.92 
SWW=1.0 
HVL=42692.0 
SFAR=0.0693 
C 
C Air flow rate: 
C 
A1=((97.54*TAIRWB)-27405.53) 
A2=(0.15*(TAIRWB**2)) 
A3=((1.26E-4)*(TAIRWB**3)) 
A4=((4.85E-8)*(TAIRWB**4)) 
A5=(4.35*TAIRWB)-((3.94E-3)*(TAIRWB**2)) 
Z=((A1-A2)+(A3-A4))/A5 
PVAPOR=22105.65*(EXP(Z)) 
PDRYA=PATMOS-PVAPOR 
DENDA=(3.4811*PDRYA)/(TAIRIN+273.18) 
AIRM=AFLOW*DENDA 
AIRMT=DISP*RPM*DENDA*(5.OE-4) 
C 
C Fuel flow rate: 
C 
SGF=0.8617 6-(0.00069*TFUEL) 
FUELV=(FUELM)/(SGF*SWW) 
C 
C Correction factor: 
C 
Q=(8.8067*FUELV)/(DISP*RPM) 
IF(Q.GT.65.0) THEN 
FM=1.2 
ENDIF 
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IF(Q,LT.40.0) THEN 
FM=0.3 
ELSE 
FM=((0.036*Q)-1.14) 
ENDIF 
FA=(99.0/PDRYA)*(((TAIRIN+273.18)/298.0)**0.7) 
CF=(FA)**FM 
C 
C Corrected brake and indicated power: 
C 
BP0W=BT0R*RPM*(1.0472E-4) 
FPOW=FTOR*FRPM*(1.0472E-4) 
XIPOW=BPOW+FPOW 
CBPOW=BPOW*CF 
CIPOW=CBPOW+FPOW 
C 
C Brake specific fuel consumption: 
C 
BSFCM=FUELM/CBPOW 
C 
C Rate of energy consumed: 
C 
QFUEL=(HVL*FUELM)/60.0 
C 
C Energy rejected to coolant: 
C 
QC00L=4.187*COOLM*TDCOOL 
ENERC=(100.0*QCOOL)/QFUEL 
C 
C Fuel-air ratio: 
C 
FAR=FUELM/(AIRM*60.0) 
C 
C Fuel-air equivalence ratio: 
C 
EQUIVR=FAR/SFAR 
,C 
C Efficiencies: 
C 
EFFVOL=(AIRM*100.0)/AIRMT 
EFFME=(CBPOW*100.0)/CIPOW 
EFFBT=100.0/(BSFCM*HVL*(2.778E-4)) 
C 
C Print output: 
C 
WRITE(4,100) BTOR,RPM,CBPOW,CIPOW,FUELM,FUELV,BSFCM,BSFCV 
WRITE(4,101) CBPOW,FAR,EQUIVR,BMEP,XIMEP,EFFVL,EFFME,EFFBT 
WRITE(4,102) CBPOW,QFUEL,QC00L,ENERC,T0IL1,T0IL2,TEXH 
100 F0RMAT(1X,F6.2,5X,I4,5X,3(F5.2,5X),F5.3) 
101 F0RMAT(1X,F5.2,5X,2(F6.4,5X),3(F5.2,5X)) 
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102 FORMAT(1X,F5.2,5X,F7.2,5X,F5.2,5X,3(F5.1,5X)) 
PRINT* ' 
C 
200 CONTINUE 
STOP 
END 
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A sample calculation in determining the equivalent formula and 
stoichiometric fuel-air ratio of the test fuel: 
The following procedure was employed to determine the equivalent 
formula and stoichiometric fuel-air ratio for No. 2 diesel. 
Given the following elemental analysis of No. 2 Diesel: 
Carbon, C = 87.12% 
Hydrogen, H = 12.88% 
The formula for No. 2 diesel would be in the form of CaHb and by the 
elemental analysis and molecular weight: 
C ; (12) * a = 87.12, giving a = 7.26 
H ; (1) » b = 12.88, giving b = 12.88 
Thus, CieHas would be the average formula for No. 2 diesel after 
multiplying a and b by 2.2. 
The following equation obeys for the complete combustion of CieHaa: 
CieHas + w (O2 + 3.76 Na) > x CO2 + y H2O + z Nz 
where: 
w = moles of atmospheric air, 
X = moles of carbon dioxide, 
y = moles of water vapor, and 
z = moles of nitrogen. 
Atmospheric air is approximately represented by a mixture of 0.789 
mole of N2 and 0.210 mole of O2, with a N/0 mole ratio of 3.76, and a 
mean value of relative molecular mass of 28.966. 
The balanced combustion equation then becomes: 
C16H28 + 23 (O2 + 3.76 N2) > 16 CO2 + 14 H2O + 86.48 N2 
The stoichiometric fuel-air ratio for No. 2 diesel is calculated as 
follows: 
Stoichiometric fuel-air ratio = Mass of fuel 
Mass of atmospheric air 
= (16 * 12) + ( 2 8  *  11 
(23 + 86.48) * 28.966 
= 0.0693 
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A sample calculation in determining the various engine performance 
parameters: 
The data used in the sample calculations below were from Rep. #1 
with No. 2 diesel at 85% of maximum torque. 
1. Air flow rate: 
Given: 
TAIRWB = 64°F= 290.78°K 
TAIRIN = 78'F= 298.56'K 
PATHOS = 14.342 psi= 98.923 kPa 
AFLOW = 164.49 ft^ /min = 4.658 mf/min 
DISP = 3.92 1 = 3.92E-3 m^ 
RPM = 2635 
The wet bulb temperature or TAIRWB is initially assumed to be 
equal to the adiabatic saturation .temperature. Then, the following 
Keenan and Keyes equation from the ASAE Standard D271.2 (American 
Soc. Agricultural Engineers, 1984) is used to determine the 
saturated vapor pressure. 
In (PVAPOR/Z) = (A1 - A2 + A3 - A4)/A5 
where: 
A1 = (97.54 * TAIRWB) - 27405.53 = 957.15 
A2 = 0.15 (TAIRWB**2) = 12682.95 
A3 = 1.26E-4 (TAIRWB**3) = 3097.88 
A4 = 4.85E-8 (TAIRWB**4) = 346.74 
A5 = (4.35 * TAIRWB) - 3.94E-3 (TAIRWB**2) = 931.75 
Z = 22105.65 
Now, In (PVAPOR/22105.65) = -9.6321 
Then, PVAPOR = 1.45 kPa 
PDRYA = PATHOS - PVAPOR 
= 98.92 - 1.45 
= 97.47 kPa 
Since for a naturally aspirated engine, inlet air pressure or 
PDRA equal to inlet manifold pressure. Then, 
DENDA = PDRA/(R * TAIRIN) 
= (97.47/(0.2873 * 298.56) 
= 1.137 kg/m3 
AIRH = AFLOW * DENDA 
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= 4.658 * 1.137 
= 5.296 kg/min 
AIRT = DISP * RPM * DENDA/2 
= 3.92E-3 * 2635 * 1.137/2 
= 5.872 kg/min 
Fuel flow rate: 
Given: 
TFUEL = 85'F = 29.44°C 
FUELM = 26.8152 Ib/hr = 12.163 kg/hr 
SWW =1.0 kg/1 
SGF = 0.86172 - (0.00069 * TFUEL) 
= 0.8414 
FUELV = FUELM/(SGF * SWW) 
= 12.163/(0.8414 * 1.0) 
= 14.456 1/hr 
Correction factor: 
The performance of diesel engines is affected by barometric 
pressure, temperature and humidity of ambient atmosphere. 
Therefore, in order to provide a common basis for comparision, it 
is necessary to apply a correction factor to convert the observed 
data to specified standard atmospheric conditions. The method of 
correction is prescribed in SAE Standard J1349 (Soc. of Automotive 
Engineers, 1987). 
Given: 
FUEL = 14.456 1/hr 
DISP = 3.92 1 
RPM = 2635 
PDRYA = 97.47 kPa 
TAIRIN = 298.56°K 
Q = (8.8067 * FUELV)/(DISP * RPM) 
= 0.0123 
Since Q < 40, FM = 0.3 
FA = (99/PDRYA) * ((TAIRIN/298)**0.7) 
= (99/97.47) * ((298.56/298)**0.7) 
= 1.016 
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CF = (FA)**FM 
= (1.016)**0.3 
= 1.005 
4. Power: 
Given: 
BTOR = 149.75 ftlb = 203.1059 Nm 
RPM = 2635 
FTOR = 42.5 ftlb = 57.6428 Nm 
FRPM = 2630 
CF = 1.005 
BROW = 2ïï * BTOR * RPM/60 
= 2K * 203.1059 * 2635/60 
= 56.044 kW 
FPOW = 2lt • FTOR * FRPM/60 
= 2n * 57.6428 * 2630/60 
= 15.876 kW 
XIPOW = BPOW + FPOW 
= 56.044 + 15.876 
= 71.92 kW 
CBPOW = BPOW * CF 
= 56.044 * 1.005 
= 56.324 kW 
CIPOW = CBPOW + FPOW 
= 56.324 + 15.876 
= 72.2 kW 
5. Brake specific fuel consumption: 
The fuel consumption at standard conditions by defination from 
Standard J1349 (Soc. of Automotive Engineers, 1987) is the same as 
the fuel consumption at test conditions. 
Given: 
CBPOW = 56.324 kW 
FUELM = 12.163 kg/hr 
BSFCM = FUELM/CBPOW 
= 12.163/56.324 
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= 0.216 kg/kWhr 
6. Rate of energy consumed: 
Given: 
HVL = 42692 kJ/kg 
FUELM = 12.163 kg/hr 
QFUEL = HVL • FUELM/60 
= 42692 * 12.163 
= 8654.38 kJ/min 
7. Rate of heat lost to coolant: 
Given: 
COOLM = 126.0329 lb/min = 57.169 kg/min 
TDCOOL = 16'F = 8.889°K 
QFUEL = 8654.38 kJ/min 
QCOOL = COOLM * TDCOOL * Cp 
= 57.169 • 8.889 * 4.187 
= 2127.73 kJ/min 
ENERC = (QCOOL * 100X)/QFUEL 
= (2127.73 * 100*)/8654.38 
= 24.59% 
8. Fuel-air ratio: 
Given: 
FUELM = 12.163 kg/hr 
AIRM = 5.296 kg/min 
FAR = FUELM/(AIRM * 60) 
= 12.163/(5.296 * 60) 
= 0.0383 
9. Fuel-air equivalence ratio: 
Given: 
FAR = 0.0383 
SFAR = 0.0693 
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EQUIVR = FAR/SFAR 
= 0.0383/0.0693 
= 0.553 
Efficiencies: 
Given: 
AIRM = 5.296 kg/min 
AIRMT = 5.872 kg/min 
CBPOW = 56.324 kW 
CIPOW = 72.2 kW 
HVL = 42692 kJ/kg 
BSFCM = 0.216 kg/kWhr = 6.0E-5 kg/kJ 
EFFVOL = (AIRM * 100%)/AIRMT 
= (5.296 • 100%)/5.872 
= 90.19% 
EFFME = (CBPOW * 100%)/CIPOW 
= (56.324 • 100%)/72.2 
= 78.01% 
EFFBT = 100%/(CBSFCM * HVL) 
= 100%/(6.0E-5 * 42692) 
= 39.04% 
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A sample SAS program using PROC GLM for the the analyses of variance and 
the regression fittings: 
// JOB 14169,'TABTA' 
/*JOBPABM BIN-390 
// EXEC SAS 
//IHSATA DD DSN-T. 14169.ENCINA,QNIT-DISK,DISP-SBR 
//STSI» DD * 
DATA ENGZMAUMPILE INDATA; 
IMPOT F$ F T R BTOR RPM CBPOW CIPOFF FOELM BSFCM; 
C-CBPOW; 
C2-CBP0W*CBP0W; 
PROC PRINT DATA-ENGINA; 
PROC GLM DATA-ENGINA; 
CLASS P T F R; 
MOTEL BSFCM-P T F P*T F*P F*T F*P*T R(F P T) 
C C*P C*T C*P*T C*F C*F*P C*F*T C*F*P*T 
C2 C2*P C2*T C2*P*T C2*F C2*F*P C2*F*T 
C2*F*P*T; 
TEST H-P T F P*T F*P F*T F*P*T 
E-R(F P T); 
MEANS F P T F*T F*P P*T F*P*T R*F*P*T; 
PROC SORT DATA-ENGINA;B7 P T F; 
PROC GLM DATA-ENGINA;B7 P T F; 
MOTEL BSFCM-C C2/S0LDTI0N; 
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A sample SAS program for the contrast analyses between test fuels at 
different injection pressure and timing combinations: 
// JOB 14169,'TAHTA' 
/*JOBPAKM BIN-390 
// EXEC SAS 
//INDATA DD DSN-T. 14169.ENGIIIA,ONIT-DISK,DISP-SHR 
//STSIN DD * 
DATA ENGIMA;IHF1LE INDATA; 
IMPOT F$ P T R BTOR RPM CBPOW CIPOW FOELM BSFCM; 
C-CBPOW; 
C2-CBP0W*CBP0W; 
IF(F-'D') THEN FT-1; 
IF(F-'S') THEN FT-2; 
IF(F-'T') THEN FT-3; 
A-4*(FT-L)+2*(P-L)+T i 
PROC PRINT DATA-ENGINA; 
PROC GLM DATA-ENGINA; 
CLASS A R; 
MODEL BSFCM-A R(A) C(A) C2(A)/SOLUTION; 
CONTRAST •PLTL D-S A • A 1 0 0 0 -1 0 0 0 0 0 0 O/E-R(A) 
CONTRAST •PLTL D-S c • C(A) 1 0 0 0 -1 0 0 0 0 0 0 0; 
CONTRAST •PLTL D-S C2' C2(A) 1 0 0 0 -1 0 0 0 0 0 0 0; 
CONTRAST •PlTl D-T A • A 1 0 0 0 0 0 0 0 -1 0 0 O/E-R(A) 
CONTRAST •PlTl D-T c • C(A) 1 0 0 0 0 0 0 0 -1 0 0 0; 
CONTRAST •PlTl D-T C2' C2(A) 1 0 0 0 0 0 0 0 -1 0 0 0; 
CONTRAST •PlTl S-T A • A 0 0 0 0 1 0 0 0 -1 0 0 0/E-R(A) 
CONTRAST •PlTl S-T c • C(A) 0 0 0 0 1 0 0 0 -1 0 0 0; 
CONTRAST •PlTl S-T C2' C2(A) 0 0 0 0 1 0 0 0 -1 0 0 0; 
CONTRAST •P1T2 D-S A • A 0 1 0 0 0 -1 0 0 0 0 0 0/E-R(A) 
CONTRAST •P1T2 D-S c • C(A) 0 1 0 0 0 -1 0 0 0 0 0 0; 
CONTRAST •P1T2 D-S C2' C2(A) 0 1 0 0 0 -1 0 0 0 0 0 0; 
CONTRAST •P1T2 D-T A ' A 0 1 0 0 0 0 0 0 0 -1 0 O/E-R(A) 
CONTRAST •P1T2 D-T C ' C(A) 0 1 0 0 0 0 0 0 0 -1 0 0; 
CONTRAST •P1T2 D-T C2^ C2(A) 0 1 0 0 0 0 0 0 0 -1 0 0; 
CONTRAST •P1T2 S-T A • A 0 0 0 0 0 1 0 0 0 -1 0 O/E-R(A) 
CONTRAST •P1T2 S-T c • C(A) 0 0 0 0 0 1 0 0 0 -1 0 0; 
CONTRAST •P1T2 S-T C2' C2(A) 0 0 0 0 0 1 0 0 0 -1 0 0; 
CONTRAST •P2T1 D-S A ' A 0 0 1 0 0 0 -1 0 0 0 0 O/E-R(A) 
CONTRAST •P2T1 D-S C ' C(A) 0 0 1 0 0 0 -1 0 0 0 0 0; 
CONTRAST •P2T1 D-S C2' C2(A) 0 0 1 0 0 0 -1 0 0 0 0 0; 
CONTRAST •P2T1 D-T A • A 0 0 1 0 0 0 0 0 0 0 -1 O/E-R(A) 
CONTRAST •P2T1 D-T C ' C(A) 0 0 1 0 0 0 0 0 0 0 -1 0; 
CONTRAST •P2T1 D-T C2' C2(A) 0 0 1 0 0 0 0 0 0 0 -1 0; 
CONTRAST •P2T1 S-T A ' A 0 0 0 0 0 0 1 0 0 0 -1 O/E-R(A) 
CONTRAST •P2T1 S-T C ' C(A) 0 0 0 0 0 0 1 0 0 0 -1 0; 
CONTRAST •P2T1 S-T C2' C2(A) 0 0 0 0 0 0 1 0 0 0 -1 0; 
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A sample SAS program for the contrast analyses between injection 
pressures with the test fuels at different injection timings: 
// JOB 14169,'TAHTA' 
/*JOBPARM BIN-390 
// EXEC SAS 
//INDATA DD DSN-T.14169.ENGII1A,DNIT-DISK,DISP-SHR 
//STSIN DD * 
DATA ENGIKA;INFI1E INDATA; 
INPUT F$ P T R BTGR RPM CBPOW CIPOW FUELM BSFCM; 
C-CBPOW; 
C2-CBP0W*CBP0W; 
IF(F-'D') THEN FT-1; 
IF(F-'S') THEN FT-2; 
IP(P-'T') THEN FT-3; 
A-4*(FT-1)+2*(P-l)+T; 
PROC PRINT DATA-ENGINA; 
PROC GLM DATA-ENGINA; 
CLASS A R; 
MODEL BSFCM-A R(A) C(A) C2(A)/SOLUTION; 
CONTRAST 'DPI T1-T2:A 'A 1 -1 000000000 0/E-R(A) 
C O N T R A S T  ' D P I  T l - T 2 : C  '  C ( A )  1  - 1  0  0 0 0 0 0 0 0 0  0 ;  
C O N T R A S T  ' D P I  T l - T 2 : C 2 '  C 2 ( A )  1 - 1 0 0 0 0 0 0 0 0 0  0 ;  
CONTRAST 'DP2 T1-T2:A ' A 001 -1 0000000 0/E-R(A) 
C O N T R A S T  ' D P 2  T 1 - T 2 : C  '  C ( a )  0 0 1  - 1  0 0 0 0 0 0 0  0 ;  
C O N T R A S T  ' D P 2  T 1 - T 2 : C 2 '  C 2 ( A )  0 0 1  - 1  0 0 0 0 0 0 0  0 ;  
CONTRAST 'SPl T1-T2:A ' A 00001 -1 00000 0/E-R(A) 
C O N T R A S T  ' S P l  T l - T 2 : C  '  C ( a )  O O O O l  - 1  0 0 0 0 0  0 ;  
C O N T R A S T  ' S P l  T l - T 2 : C 2 '  C 2 ( a )  0 0 0 0 1 - 1 0 0 0 0 0  0 ;  
CONTRAST 'SP2 T1-T2;A ' A 0000001 -1 000 0/E-R(A) 
C O N T R A S T  ' S P 2  T 1 - T 2 : C  '  C ( A )  0 0 0 0 0 0 1  - 1  0 0 0  0 ;  
C O N T R A S T  ' S P 2  T 1 - T 2 : C 2 '  C 2 ( A )  0 0 0 0 0 0 1  - 1  0 0 0  0 ;  
CONTRAST 'TPl T1-T2:A ' A 000000001 -1 0 0/E-R(A) 
C O N T R A S T  ' T P l  T 1 - T 2 : C  '  C ( a )  0 0 0 0 0 0 0 0 1  - 1  0  0 ;  
C O N T R A S T  ' T P l  T l - T 2 : C 2 '  C 2 ( a )  0 0 0 0 0 0 0 0 1  - 1  0  0 ;  
C O N T R A S T  ' T P 2  T 1 - T 2 : A  '  A  0 0 0 0 0 0 0 0 0 0 1  - 1 / E - R ( A )  
C O N T R A S T  ' T P 2  T l - T 2 : C  '  C ( a )  0 0 0 0 0 0 0 0 0 0 1  - 1 ;  
C O N T R A S T  ' T P 2  T l - T 2 : C 2 '  C 2 ( a )  0 0 0 0 0 0 0 0 0 0 1 - 1 ;  
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A sample SAS program for the contrast analyses between injection timings 
with the test fuels at different injection pressures: 
// JOB 14169,'YAHYA' 
/«JOBPARM BIN-390 
// EXEC SAS 
//INDATA DD DSN-Y.X4169.ENGINA,ANIT-DLSR,DISP-SHR 
//SYSIN DD * 
DATA EHGINA;INFILE INDATA; 
INPUT F$ P T R BTW RFM CBPON CIPOH FDELM BSFCM; 
C-CBPOW; 
C2-CBPOW*CBPOW; 
IF(P-'D') THEN FT-1; 
IF(F-'S') THEN FT-2; 
IF(F-'T') THEN FT-3; 
A-4*(FT-1)+2*(P-L)+T; 
PROC PRINT DATA-ENGINA; 
PROC GLM DATA-ENGINA; 
CLASS A R; 
MODEL BSFCM-A R(A) C(A) C2(A)/S0LUTI0N 
CONTRAST •DTI P1-P2:A ' A 1 0 -1 0 0 0 0 0 0 0 0 
CONTRAST 'DTI P1-P2:C ' C(A) 1 0 -1 0 0 0 0 0 0 0 0 
CONTRAST 'DTI P1-P2;C2' C2(A) 1 0 -1 0 0 0 0 0 0 0 0 
CONTRAST •DT2 P1-P2:A ' A 0 1 0 -1 0 0 0 0 0 0 0 
CONTRAST 'DT2 P1-P2;C ' C(A) 0 1 0 -1 0 0 0 0 0 0 0 
CONTRAST 'DT2 P1-P2:C2' C2(A) 0 1 0 -1 0 0 0 0 0 0 0 
CONTRAST •STL P1-P2:A ' A 0 0 0 0 1 0 -1 0 0 0 0 
CONTRAST 'STL P1-P2:C ' C(A) 0 0 0 0 1 0 -1 0 0 0 0 
CONTRAST 'STl P1-P2:C2' C2(A) 0 0 0 0 1 0 -1 0 0 0 0 
CONTRAST 'ST2 PL-P2:A ' A 0 0 0 0 0 1 0 -1 0 0 0 
CONTRAST 'ST2 P1-P2:C ' C(A) 0 0 0 0 0 1 0 -1 0 0 0 
CONTRAST 'ST2 P1-P2:C2' C2(A) 0 0 0 0 0 1 0 -1 0 0 0 
CONTRAST •TTL P1-P2:A ' A 0 0 0 0 0 0 0 0 1 0 -1 
CONTRAST 'TTL P1-P2:C ' C(A) 0 0 0 0 0 0 0 0 1 0 -1 
CONTRAST 'TTl P1-P2;C2' C2(A) 0 0 0 0 0 0 0 0 1 0 -1 
CONTRAST •TT2 P1-P2:A ' A 0 0 0 0 0 0 0 0 0 1 0 
CONTRAST •TT2 P1-P2:C ' C(A) 0 0 0 0 0 0 0 0 0 1 0 
CONTRAST 'TT2 P1-P2:C2' C2(A) 0 0 0 0 0 0 0 0 0 1 0 
0/E-R(A) 
0; 
0; 
0/E-R(A) 
0; 
0; 
O/E-R(A) 
0; 
0; 
O/E-R(A) 
0; 
0; 
0/E-R(A) 
0; 
0; 
-1/E-R(A) 
-1; 
-1; 
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APPENDIX B. EXPERIMENTAL DATA 
242 
Table B.I. Fuel consumption at 3 different engine 
speeds; 2000, 2250 and 2500 rpm 
P T R Engine Fuel consumption, kq/hr 
R I E  S p e e d  N o . 2  M E S O Y  M E T A L L  
S M P rpm DIESEL 
1 1 1 2000 11.21 11.49 11.56 
1 1 2 2000 11.01 11.51 11.46 
1 1 3 2000 11.20 11.52 11.75 
1 1 1 2250 12.48 13.06 12.93 
1 1 2 2250 12.50 12.94 12.87 
1 1 3 2250 12.34 13.04 13.09 
1 1 1 2500 13.15 13.93 13.77 
1 1 2 2500 13.30 13.90 13.77 
1 1 3 2500 13.10 13.95 13.77 
1 2 1 2000 11.04 11.73 11.63 
1 2 2 2000 11.21 11.91 11.58 
1 2 3 2000 11.17 12.08 11.74 
1 2 1 2250 12.38 12.85 13.08 
1 2 2 2250 12.09 12.97 12.95 
1 2 3 2250 11.89 13.04 13.05 
1 2 1 2500 12.00 13.31 14.00 
1 2 2 2500 12.03 13.97 14.00 
1 2 3 2500 11.86 13.01 13.70 
2 1 1 2000 10.02 10.50 10.48 
2 1 2 2000 9.99 10.74 10.49 
2 1 3 2000 10.11 10.79 10.61 
2 1 1 2250 10.55 11.57 11.56 
2 1 2 2250 10.79 11.65 11.74 
2 1 3 2250 10.82 11.60 11.49 
2 1 1 2500 11.39 12.42 12.48 
2 1 2 2500 11.76 12.63 12.64 
2 1 3 2500 11.58 12.45 12.41 
2 2 1 2000 10.50 11.03 11.22 
2 2 2 2000 10.39 10.91 11.01 
2 2 3 2000 10.53 10.86 11.12 
2 2 1 2250 11.11 11.98 11.82 
2 2 2 2250 11.28 12.07 12.31 
2 2 3 2250 11.21 11.74 11.99 
2 2 1 2500 12.15 13.11 12.46 
2 2 2 2500 11.85 12.91 13.18 
2 2 3 2500 12.16 13.11 13.07 
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Table B.2. Brake power at 3 different engine speeds; 
2000, 2250 and 2500 rpm 
P T R Engine Brake Power. kW 
R I E Speed No. 2 HESOY METALI 
S M P rpm DIESEL 
1 1 1 2000 53.41 48.97 48.17 
1 1 2 2000 54.48 48.82 47.67 
1 1 3 2000 55.01 48.89 48.71 
1 1 1 2250 59.60 54.04 53.25 
1 1 2 2250 60.83 53.47 52.63 
1 1 3 2250 60.33 53.67 53.09 
1 1 1 2500 61.14 56.14 56.17 
1 1 2 2500 63.54 54.97 55.41 
1 1 3 2500 63.03 55.87 55.37 
1 2 1 2000 49.36 49.51 49.15 
1 2 2 2000 52.08 49.88 48.09 
1 2 3 2000 51.92 49.03 48.88 
1 2 1 2250 54.19 53.46 53.60 
1 2 2 2250 56.82 53.84 52.08 
1 2 3 2250 56.70 53.13 52.13 
1 2 1 2500 54.68 54.63 54.99 
1 2 2 2500 57.45 53.32 53.53 
1 2 3 2500 56.61 54.36 53.34 
2 1 1 2000 45.84 41.68 42.28 
2 1 2 2000 44.88 41.54 42.80 
2 1 3 2000 44.47 41.63 42.14 
2 1 1 2250 47.19 44.57 44.83 
2 1 2 2250 45.97 43.79 45.84 
2 1 3 2250 45.95 44.36 44.06 
2 1 1 2500 47.79 45.50 46.18 
2 1 2 2500 47.94 45.69 45.79 
2 1 3 2500 47.83 45.57 45.56 
2 2 1 2000 45.92 44.46 44.88 
2 2 2 2000 47.63 43.48 44.29 
2 2 3 2000 46.37 44.04 43.51 
2 2 1 2250 47.59 46.64 47.34 
2 2 2 2250 49.59 46.07 47.29 
2 2 3 2250 46.93 45.98 47.40 
2 2 1 2500 48.33 48.32 47.71 
2 2 2 2500 50.09 47.89 48.32 
2 2 3 2500 49.03 48.23 47.11 
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Table B.3. Engine performance data set no.1 
F P T R Brake Engine Brake Indi. Fuel 
é tl CÛ 
U R I E Torque Speed Power Power Flow Fuel 
L S M P Nffl rpm kW kW kg/hr kg/kWhr 
D 1 1 1 203.11 2635 56.34 72.21 12.16 .216 
D 1 1 2 204.12 2620 56.31 71.38 11.94 .212 
0 1 1 3 205.48 2615 56.26 73.53 12.40 .221 
D 1 1 1 0 2675 0 18.68 3.30 
D 1 1 2 0 2675 0 18.05 3.17 
D 1 1 3 0 2660 0 19.46 3.34 
D 1 1 1 103.76 2605 28.38 44.11 7.53 .265 
D 1 1 2 102.74 2600 28.09 43.41 7.34 .261 
D 1 1 3 102.40 2595 27.82 44.96 7.60 .273 
D 1 1 1 239.73 2500 63.03 76.34 13.10 .208 
D 1 1 2 241.42 2500 63.54 75.79 13.30 .209 
D 1 1 3 233.28 2500 61.14 75.70 13.15 .215 
D 1 1 1 49.17 2660 13.75 31.69 5.39 .392 
D 1 1 2 50.52 2655 14.11 31.64 5.33 .378 
D 1 1 3 49.84 2648 13.83 32.81 5.31 .384 
D 1 1 1 155.64 2598 42.53 57.88 9.79 .230 
D 1 1 2 156.65 2598 42.84 57.95 9.70 .226 
D 1 1 3 154.28 2605 42.14 58.97 9.70 .230 
D 1 2 1 186.49 2600 50.62 69.46 12.00 .237 
D 1 2 2 186.83 2595 50.75 69.00 10.71 .211 
D 1 2 3 186.49 2590 50.57 66.94 11.45 .226 
D 1 2 1 0 2678 0 20.52 4.06 a 
D 1 2 2 0 2675 0 20.48 4.86 
0 1 2 3 0 2653 0 18.63 3.95 
D 1 2 1 95.28 2630 26.14 45.57 8.31 .318 
D 1 2 2 96.64 2625 26.53 45.54 8.36 .315 
D 1 2 3 94.60 2625 26.03 43.92 7.76 .298 
D 1 2 1 216.67 2500 56.61 73.12 11.86 .209 
D 1 2 2 219.38 2500 57.45 73.78 12.03 .209 
D 1 2 3 208.53 2500 54.68 69.95 12.00 .220 
D 1 2 1 45.78 2655 12.68 32.86 5.21 .411 
D 1 2 2 45.10 2655 12.55 32.76 6.18 .492 
D 1 2 3 45.44 2660 12.67 31.37 5.31 .419 
D 1 2 1 141.39 2620 38.73 57.53 8.97 .231 
D 1 2 2 141.06 2615 38.72 58.22 10.00 .258 
D 1 2 3 140.38 2618 38.58 55.89 10.35 .268 
D 2 1 1 163.77 2625 45.00 58.42 10.98 .244 
D 2 1 2 162.76 2615 44.58 57.77 11.29 .253 
D 2 1 3 163.77 2623 45.27 58.11 11.07 .244 
D 2 1 1 0 2688 0 15.44 3.23 
0 2 1 2 0 2685 0 14.49 3.24 
D 2 1 3 0 2697 0 14.16 3.12 
Table B.3. (continued) 
F P T R Brake Engine Brake Ind1. Fuel Br. Sp. 
U R I E Torque Speed Power Power Flow Fuel 
L S H P Nm rpm kW kW kg/hr kg/kWhr 
D 2 1 1 83.75 2620 22.97 36.36 6.84 .298 
D 2 1 2 84.77 2625 23.29 36.68 7.03 .302 
D 2 1 3 84.09 2640 23.38 36.13 6.77 .289 
D 2 1 1 182.76 2500 47.83 60.08 11.58 .242 
D 2 1 2 183.10 2500 47.94 59.66 11.76 .245 
D 2 1 3 181.41 2500 47.79 59.16 11.39 .238 
D 2 1 1 41.37 2668 11.53 26.67 5.12 .444 
D 2 1 2 41.03 2665 11.44 27.37 5.10 .445 
0 2 1 3 41.71 2688 - 11.75 25.86 4.94 .420 
D 2 1 1 122.75 2630 33.78 47.41 8.89 .263 
D 2 1 2 122.75 . 2628 33.80 47.97 9.09 .269 
0 2 1 3 122.41 2643 33.91 46.85 8.74 .258 
D 2 2 1 160.72 2620 44.26 63.42 11.31 .256 
D 2 2 2 164.45 2620 45.15 60.96 9.55 .212 
D 2 2 3 165.81 2610 45.55 63.16 11.00 .241 
D 2 2 1 0 2670 0 21.05 3.98 
D 2 2 2 0 2670 0 18.58 3.72 
0 2 2 3 0 2655 0 • 19.95 3.80 
D 2 2 1 81.72 2628 22.57 41.77 7.32 .324 
D 2 2 2 81.72 2628 22.47 38.91 7.20 .320 
0 2 2 3 86.13 2630 23.82 42.31 6.91 .290 
0 2 2 1 186.83 2500 49.03 64.12 12.16 .248 
0 2 2 2 190.90 2500 50.09 62.87 11.85 .237 
0 2 2 3 183.78 2500 48.33 63.77 12.15 .251 
0 2 2 1 44.42 2640 12.35 31.85 5.72 .463 
0 2 2 2 40.69 2655 11.33 28.87 5.16 .456 
0 2 2 3 40.69 2645 11.32 31.23 5.30 .468 
0 2 2 1 122.07 2620 33.68 51.72 9.37 .278 
0 2 2 2 123.08 2620 33.85 49.86 8.41 .248 
0 2 2 3 121.39 2620 33.47 49.84 9.01 .269 
S 1 1 1 182.76 2610 50.32 68.48 12.88 .256 
S 1 1 2 182.42 2595 49.91 68.16 12.87 .258 
S 1 1 3 184.19 2628 50.92 69.37 13.03 .256 
S 1 1 1 0 2645 0 20.47 3.91 • 
S 1 1 2 0 2640 0 21.37 3.94 
S 1 1 3 0 2670 0 21.05 3.87 
S 1 1 1 91.55 2573 24.80 43.60 8.00 .322 
S 1 1 2 91.21 2600 24.99 44.38 8.02 .321 
S 1 1 3 91.55 2603 25.08 44.14 8.09 ,322 
S 1 1 1 211.92 2500 55.87 71.32 13.95 .250 
S 1 1 2 208.53 2500 54.97 69.88 13.90 .253 
S 1 1 3 213.28 2500 56.14 67.33 13.93 .248 
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Table B.3. (continued) 
F P T R Brake Engine Brake Ind1. Fuel Br. Sp. 
U R I E Torque Speed Power Power Flow Fuel 
L S M P Nm rpm kW kW kg/hr kg/kWhr 
S 1 1 1 46.45 2615 12.79 32.11 5.96 .466 
S 1 1 2 44.76 2628 12.41 32.17 5.80 .467 
S 1 1 3 45.78 2650 12.77 33.10 5.95 .466 
S 1 1 1 140.38 2575 38.05 55.43 10.29 .271 
S 1 1 2 140.04 2578 38.06 56.75 10.34 .272 
S 1 1 3 140.04 2600 38.40 56.68 10.37 .270 
S 1 2 1 175.98 2600 47.81 64.80 13.19 .276 
S 1 2 2 175.98 2610 48.06 64.92 12.75 .265 
S 1 2 3 177.68 2610 48.73 65.60 13.34 .274 
S 1 2 1 0 2658 0 18.67 4.45 
S 1 2 2 0 2660 0 18.89 4.39 
S 1 2 3 0 2670 0 19.15 • 4.38 
S 1 2 1 89.85 2625 24.62 42.51 7.87 .320 
S 1 2 2 90.87 2617 24.89 42.53 8.62 .346 
S 1 2 3 90.19 2625 24.84 42.74 8.82 .355 
S 1 2 1 207.85 2500 54.36 67.14 13.01 .239 
S 1 2 2 203.44 2500 53.32 69.12 13.97 .262 
S 1 2 3 207.85 2500 54.63 67.76 12.31 .225 
S 1 2 1 41.71 2645 11.51 30.49 5.75 .499 
S 1 2 2 43.74 2648 12.12 30.57 6.45 .532 
S 1 2 3 45.78 2640 12.70 31.83 5.88 .463 
S 1 2 1 132.58 2620 36.33 53.08 10.19 .281 
S 1 2 2 133.93 2620 36.81 54.30 11.43 .310 
S 1 2 3 133.26 2615 36.65 54.48 11.01 .301 
S 2 1 1 148.85 2620 40.86 58.91 11.99 .294 
S 2 1 2 146.82 2623 40.31 54.83 11.87 .294 
S 2 1 3 148.85 2630 40.98 58.72 11.72 .286 
S 2 1 1 0 2673 0 18.81 3.73 
S 2 1 2 0 2685 0 16.75 3.73 
S 2 1 3 0 2733 0 20.16 3.85 
S 2 1 1 72.90 2620 20.00 34.51 7.16 .358 
S 2 1 2 75.27 2630 20.73 35.67 7.16 .345 
S 2 1 3 73.58 2675 20.56 39.37 7.59 .369 
S 2 1 1 173.95 2500 45.57 55.34 12.45 .273 
S 2 1 2 174.62 2500 45.69 56.16 12.63 .277 
S 2 1 3 174.28 2500 45.50 54.74 12.42 .273 
S 2 1 1 38.65 2653 10.74 26.77 5.90 .550 
S 2 1 2 37.30 2660 10.39 27.20 5.62 .541 
S 2 1 3 38.32 2713 10.87 27.06 5.65 .520 
S 2 1 1 111.56 2625 30.67 44.65 9.53 .311 
S 2 1 2 111.56 2625 30.65 45.19 9.52 .311 
S 2 1 3 110.54 2660 30.74 44.53 9.36 .304 
Table B.3. (continued) 
F p T R Brake Engine Brake Indi. Fuel Br. Sp. 
U R I E Torque Speed Power Power Flow Fuel 
L S M P Mm rpm kW kW kg/hr kg/kWhr 
S 2 2 1 155.64 2610 42.77 62.23 12.25 .286 
S 2 2 2 156.99 2610 43.21 60.81 12.48 .289 
S 2 2 3 156.31 2605 42.92 60.68 12.58 .293 
s 2 2 1 0 2655 0 19.99 4.01 
s 2 2 2 0 2645 0 19.35 4.02 
s 2 2 3 0 2645 0 19.16 4.02 
s 2 2 1 80.36 2620 22.16 40.77 7.84 .354 
s 2 2 2 78.33 2620 21.64 39.68 7.82 .361 
s 2 2 3 79.00 2635 21.93 40.08 7.79 .355 
s 2 2 1 183.10 2500 48.23 64.74 13.11 .272 
s 2 2 2 181.41 2500 47.89 63.69 13.11 .274 
s 2 2 3 183.10 2500 48.32 63.05 • 12.91 .267 
s 2 2 1 40.01 2640 11.11 30.80 5.84 .525 
s 2 2 2 39.33 2630 10.91 29.78 5.80 .531 
s 2 2 3 40.35 2645 11.24 29.46 5.68 .506 
s 2 2 1 119.35 2605 32.73 51.79 9.82 .300 
s 2 2 2 119.35 2590 32.61 50.82 10.25 .314 
s 2 2 3 119.35 2605 32.76 49.97 9.65 .295 
1 1 1 181.74 2620 50.18 68.23 12.98 .259 
1 1 2 182.76 2605 50.12 65.29 12.69 .253 
1 1 3 182.08 2615 50.35 67.99 12.70 .252 
1 1 1 0 2650 0 16.37 3.74 
1 1 2 0 2650 0 18.25 3.67 
1 1 3 0 2675 0 19.38 3.69 
1 1 1 92.23 2583 25.06 40.11 7.98 .318 
1 1 2 92.57 2590 25.26 41.45 7.95 .315 
1 1 3 93.25 2608 25.65 42.89 8.16 .318 
1 1 1 210.23 2500 55.37 67.79 13.77 .249 
1 1 2 210.57 2500 55.41 67.84 13.77 .249 
1 1 3 212.60 2500 56.17 69.67 13.77 .245 
1 1 1 45.10 2625 12.46 28.31 5.80 .465 
1 1 2 44.76 2633 12.41 30.34 5.79 .467 
1 1 3 44.08 2650 12.33 30.58 5.89 .478 
1 1 1 137.66 2590 37.56 51.87 10.16 .270 
1 1 2 136.99 2585 37.32 52.93 10.09 .270 
1 1 3 137.66 2615 38.04 54.57 10.50 .276 
1 2 1 174.62 2615 48.03 62.70 11.75 .245 
1 2 2 173.61 2605 47.62 62.98 11.85 .249 
1 2 3 173.27 2608 47.64 61.89 11.82 .248 
1 2 1 0 2675 0 17.10 3.66 
1 2 2 0 2675 0 17.48 3.57 
1 2 3 0 2650 0 17.50 3.78 
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Table B.3. (continued) 
F P T R Brake Engine Brake Ind1. Fuel Br. Sp. 
U R I E Torque Speed Power Power Flow Fuel 
L S M P Mm rpm kW kW "kg/hr kg/kWhr 
T 1 2 1 88.16 2610 24.17 39.37 8.47 .350 
T 1 2 2 89.85 2605 24.64 38.14 8.45 .343 
T 1 2 3 87.48 2603 24.01 37.12 8.42 .351 
T 1 2 1 202.77 2500 53.34 64.35 13.70 .257 
T 1 2 2 203.11 2500 53.53 65.07 14.00 .262 
T 1 2 3 208.53 2500 54.99 66.53 14.00 .255 
T 1 2 1 42.72 2650 11.90 29.40 5.45 .458 
T 1 2 2 42.05 2648 11.72 28.62 5.90 .503 
T 1 2 3 43.06 2623 11.90 26.60 5.88 .494 
T 1 2 1 132.24 2600 36.18 50.21 • 10.99 .304 
T 1 2 2 130.88 2605 35.93 50.73 10.74 .299 
T 1 2 3 132.24 2590 36.11 49.54 10.48 .290 
T 2 1 1 150.96 2630 41.48 56.61 11.78 .284 
T 2 1 2 149.19 2630 41.13 56.45 11.54 .281 
T 2 1 3 149.19 2625 41.03 55.57 11.71 .285 
T 2 1 1 0 2735 0 16.90 3.72 
T 2 1 2 0 2733 0 17.61 3.64 
T 2 1 3 0 2718 0 17.55 3.57 
T 2 1 1 75.95 2675 21.23 36.62 7.49 .353 
T 2 1 2 74.26 2670 20.76 36.87 7.37 .355 
T 2 1 3 75.27 2670 21.06 37.18 7.23 .343 
T 2 1 1 174.28 2500 45.56 56.74 12.41 .272 
T 2 1 2 174.96 2500 45.79 58.75 12.64 .276 
T 2 1 3 176.32 2500 46.18 58.25 12.48 .270 
T 2 1 1 37.64 2705 10.65 27.36 5.45 .512 
T 2 1 2 36.96 2705 10.47 27.57 5.40 .516 
T 2 1 3 38.32 2700 10.84 27.71 5.48 .505 
T 2 1 1 111.22 2650 30.78 46.21 9.44 .307 
T 2 1 2 112.23 2650 31.17 46.60 9.31 .299 
T 2 1 3 112.23 2650 31.16 46.97 9.30 .298 
T 2 2 1 152.92 2613 42.02 59.63 12.24 .291 
T 2 2 2 153.26 2590 41.57 56.28 11.72 .282 
T 2 2 3 152.58 2608 41.88 56.68 11.91 .284 
T 2 2 1 0 2680 0 18.65 4.02 
T 2 2 2 0 2650 0 16.56 3.74 
T 2 2 3 0 2655 0 16.56 3.67 
T 2 2 1 75.95 2635 21.05 37.71 7.86 .373 
T 2 2 2 78.33 2580 21.14 35.80 7.42 .351 
T 2 2 3 75.61 2640 20.96 36.34 7.33 .350 
T 2 2 1 179.03 2500 47.11 60.78 13.07 .277 
T 2 2 2 184.46 2500 48.32 61.10 13.18 .273 
T 2 2 3 181.07 2500 47.71 59.60 12.46 .261 
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Table B.3. (continued) 
F P T R Brake Engine Brake Ind1. Fuel Br. Sp. 
U R I E Torque Speed Power Power Flow Fuel 
L S M P Nm rpm kW kW kg/hr kg/kWhr 
T 2 2 1 37.30 2665 10.47 29.59 5.98 .572 
T 2 2 2 37.30 2625 10.25 26.84 5.57 .544 
T 2 2 3 37.30 2680 10.49 28.00 5.62 .536 
T 2 2 1 116.98 2628 32.40 49.96 10.21 .315 
T 2 2 2 114.27 2605 31.15 46.50 9.45 .303 
T 2 2 3 116.30 2633 32.16 48.97 9.88 .307 
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Table B.4. Engine performance data set no.2 
F P T R Brake Fuel- Fuel- Volurn. Mech. B. Ther. 
U R I E Power Alr Air Eq. Eff. Eff. Eff. 
L S M P kW Ratio Ratio % X % 
D 1 1 1 56.34 .0383 .5530 90.20 78.02 39.05 
D 1 1 2 56.31 .0378 .5454 90.29 78.89 39.75 
D 1 1 3 56.26 .0392 .5651 88.72 76.51 38.24 
D 1 1 1 0 .0103 .1483 89.29 0 
D 1 1 2 0 .0100 .1446 88.04 0 
D 1 1 3 0 .0104 .1498 88.58 0 
D 1 1 1 28.38 .0237 .3427 90.03 64.35 31.80 
D 1 1 2 28.09 .0232 .3346 90.62 64.70 32.26 
D 1 1 3 27.82 .0239 .3453 89.57 61.88 30.85 
D 1 1 1 63.03 .0431 .6222 90.52 82.56 40.57 
D 1 1 2 63.54 .0438 .6320 90.94 83.84 40.28 
D 1 1 3 61.14 .0432 .6239 89.57 80.77 39.21 
D 1 1 1 13.75 .0168 .2420 89.92 43.38 21.49 
D 1 1 2 14.11 .0166 .2394 90.18 44.58 22.31 
D 1 1 3 13.83 .0165 .2382 89.33 42.17 21.97 
D 1 1 1 42.53 .0310 .4474 90.62 73.47 36.63 
D 1 1 2 42.84 .0308 .4437 90.78 73.92 37.25 
D 1 1 3 42.14 .0306 .4409 89.72 71.45 36.64 
D 1 2 1 50.62 .Ù382 .5507 87.56 72.89 35.57 
D ^ 2 2 50.75 .0343 .4947 88.14 73.56 39.95 
D 1 2 3 50.57 .0363 .5235 89.24 75.55 37.24 
D 1 2 1 0 .0126 .1813 85.68 0 
D 1 2 2 0 .0153 .2203 86.40 0 
D 1 2 3 0 .0123 .1777 87.95 0 
D 1 2 1 26.14 .0262 .3782 87.02 57.37 26.52 
0 1 2 2 26.53 .0263 .3796 88.20 58.25 26.76 
0 1 2 3 26.03 .0245 .3541 88.55 59.26 28.29 
D 1 2 1 56.61 .0390 .5624 88.47 77.42 40.26 
0 1 2 2 57.45 .0398 .5741 88.75 77.86 40.28 
0 1 2 3 54.68 .0394 .5687 89.84 78.17 38.41 
0 1 2 1 12.68 .0163 .2346 87.19 38.60 20.53 
0 1 2 2 12.55 .0194 .2795 88.22 38.30 17.13 
D 1 2 3 12.67 .0165 .2382 89.05 40.39 20.13 
D 1 2 1 38.73 .0284 .4101 87.73 67.33 36.42 
D 1 2 2 38.72 .0316 .4558 89.69 66.51 32.66 
0 1 2 3 38.58 .0327 .4725 89.41 69.04 31.45 
D 2 1 1 45.00 .0343 .4956 89.18 77.03 34.54 
0 2 1 2 44.58 .0352 .5081 90.04 77.18 33.29 
0 2 1 3 45.27 .0347 .5000 91.60 77.91 34.49 
0 2 1 1 0 .0099 .1431 88.42 0 « 
D 2 1 2 0 .0100 .1442 88.62 0 • 
0 2 1 3 0 .0096 .1392 89.89 0 • 
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Table B.4. (continued) 
F P T R Brake Fuel- Fuel- Volum. Mech. 6. Ther. 
U R I E Power Air Air Eq. Eff. Eff. Eff. 
L S M P kW Ratio Ratio X X X 
D 2 1 1 22.97 .0213 .3080 89.47 63.16 28.33 
D 2 1 2 23.29 .0218 .3149 89.70 63.48 27.92 
0 2 1 3 23.38 .0212 .3055 90.74 64.71 29.13 
0 2 1 1 47.83 .0375 .5412 90.36 79.61 34.84 
0 2 1 2 47.94 .0377 .5443 91.43 80.36 34.38 
D 2 1 3 47.79 .0371 .5353 92.40 80.79 35.38 
D 2 1 1 11.53 .0157 .2270 88.50 43.23 18.99 
D 2 1 2 11.44 .0156 .2252 89.50 41.81 18.93 
D 2 1 3 11.75 .0152 .2194 88.82 45.44 20.06 
D 2 1 1 33.78 .0277 .4002 89.11 71.24 32.02 
D 2 1 2 33.80 .0282 .4067 90.16 70.47 31.37 
0 2 1 3 33.91 .0273 .3936 89.01 72.39 32.71 
D 2 2 1 44.26 .0358 .5163 89.88 69.78 32.99 
D 2 2 2 45.15 .0305 .4406 87.66 74.06 39.85 
0 2 2 3 45.55 .0350 .5052 90.31 72.12 34.92 
0 2 2 1 0 .0124 .1794 89.23 0 
0 2 2 2 0 .0118 .1699 86.39 0 
0 2 2 3 0 .0120 .1725 89.12 0 
0 2 2 1 22.57 .0230 .3326 89.94 54.03 26.01 
0 2 2 2 22,47 .0228 .3293 87.51 57.76 26.33 
0 2 2 3 23.82 .0221 .3182 88.86 56.29 29.07 
0 2 2 1 49.03 .0397 .5732 90.71 76.47 33.99 
0 2 2 2 50.09 .0392 .5657 89.40 79.67 35.64 
0 2 2 3 48.33 .0399 .5759 91.08 75.78 33.53 
0 2 2 1 12.35 .0182 .2630 89.32 38.77 18.21 
0 2 2 2 11.33 .0163 .2358 87.77 39.26 18.51 
0 2 2 3 11.32 .0167 .2417 89.34 36.24 18.00 
0 2 2 1 33.68 .0300 .4325 89.69 65.11 30.30 
0 2 2 2 33.85 .0269 .3883 88.34 67.91 33.94 
0 2 2 3 33.47 .0287 .4136 89.88 67.15 31.33 
0 1 1 1 50.32 .0412 .4999 90.29 73.48 37.48 
S 1 1 2 49.91 .0416 .5046 89.72 73.23 37.21 
S 1 1 3 50.92 .0414 .5025 89.18 73.40 37.48 
S 1 1 1 0 .0123 .1492 89.64 0 
S 1 1 2 0 .0125 .1515 89.75 0 
S 1 1 3 0 .0121 .1471 88.84 0 
S 1 1 1 24.80 .0257 .3120 90.37 56.89 29.75 
S 1 1 2 24.99 .0256 .3105 90.58 56.32 29.88 
S 1 1 3 25.08 .0258 .3133 89.84 56.83 29.75 
S 1 1 1 55.87 .0464 .5634 90.57 78.34 38.40 
S 1 1 2 54.97 .0463 .5617 90.37 78.66 37.94 
S 1 1 3 56.14 .0463 .5624 89.96 83.39 38.66 
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Table B.4. (continued) 
F P T R Brake Fuel- Fuel- Volum. Mech. B. Ther. 
U R I E Power Air Air Eq. Eff. Eff. Eff. 
L S M P kW Ratio Ratio % X % 
S 1 1 1 12.79 .0189 .2296 90.17 39.84 20.58 
S 1 1 2 12.41 .0184 .2233 90.44 38.57 20.52 
S 1 1 3 12.77 .0187 .2267 89.89 38.59 20.59 
S 1 1 1 38.05 .0331 .4017 90.21 68.66 35.45 
S 1 1 2 38.06 .0334 .4055 90.30 67.07 35.30 
S 1 1 3 38.40 .0333 .4038 90.27 67.75 35.53 
S 1 2 1 47.81 .0416 .5053 88.54 73.78 34.78 
S 1 2 2 48.06 .0402 .4878 88.75 74.02 36.16 
S 1 2 3 48.73 .0425 .5152 89.71 74.29 35.03-
S 1 2 1 0 .0139 .1687 86.83 0 
S 1 2 2 0 .0137 .1668 87.43 0 « 
S 1 2 3 0 .0136 .1656 88.51 0 • 
S 1 2 1 24.62 .0247 .2995 87.79 57.91 30.00 
S 1 2 2 24.89 .0272 .3300 88.50 58.52 27.71 
S 1 2 3 24.84 .0278 .3371 89.41 58.13 27.02 
S 1 2 1 54.36 .0428 .5194 88.88 80.96 40.07 
S 1 2 2 53.32 .0460 .5586 89.43 77.14 36.62 
S 1 2 3 54.63 .0406 .4924 90.43 80.61 42.57 
S 1 2 1 11.51 .0178 .2163 88.13 37.77 19.21 
S 1 2 2 12.12 .0201 .2438 88.70 39.66 18.02 
S 1 2 3 12.70 .0184 .2238 89.91 39.91 20.73 
S 1 2 1 36.33 .0321 .3892 88.56 68.45 34.19 
s 1 2 2 36.81 .0359 .4359 89.70 67.79 30.89 
s 1 2 3 36.65 .0348 .4226 90.29 67.27 31.92 
s 2 1 1 40.86 .0371 .4501 90.64 69.36 32.68 
S 2 1 2 40.31 .0367 .4450 90.27 73.53 32.58 
S 2 1 3 40.98 .0358 .4339 91.41 69.78 33.52 
S 2 1 1 0 .0114 .1385 89.55 0 
S 2 1 2 0 .0114 .1384 89.44 0 
S 2 1 3 0 .0115 .1401 89.08 0 
S 2 1 1 20.00 .0221 .2682 90.58 57.95 26.81 
S 2 1 2 20.73 .0220 .2673 90.54 58.11 27.78 
S 2 1 3 20.56 .0230 .2786 89.72 52.23 26.00 
S 2 1 1 45.57 .0399 .4841 91.85 82.35 35.10 
S 2 1 2 45.69 .0402 .4876 91.94 81.35 34.68 
S 2 1 3 45.50 .0392 .4759 91.86 83.13 35.14 
S 2 1 1 10.74 .0181 .2191 90.38 40.12 17.45 
S 2 1 2 10.39 .0172 .2084 90.26 38.20 17.73 
S 2 1 3 10.87 .0170 .2066 89.13 40.15 18.44 
S 2 1 1 30.67 .0294 .3565 90.60 68.69 30.87 
S 2 1 2 30.65 .0293 .3550 90.75 67.83 30.87 
S 2 1 3 30.74 .0285 .3464 89.75 69.03 31.51 
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Table B.4. (continued) 
F P T R Brake Fuel- Fuel- Volum. Hech. B. Ther. 
U R I E Power Air Air Eq. Eff. Eff. Eff. 
L S M P  kW Ratio Ratio % % % 
S 2 2 1 42.77 .0394 .4777 89.43 68.73 33.48 
S 2 2 2 43.21 .0399 .4841 90.34 71.05 33.20 
S 2 2 3 42.92 .0407 .4938 89.26 70.73 32.73 
S 2 2 1 0 .0127 .1539 88.77 0 
S 2 2 2 0 .0128 .1558 88.78 0 
S 2 2 3 0 .0129 .1566 87.73 0 
S 2 2 1 22.16 .0250 .3038 89.52 54.36 27.11 
S 2 2 2 21.64 .0251 .3044 89.53 54.52 26.55 
S 2 2 3 21.93 .0250 .3037 88.57 54.71 27.00 
S 2 2 1 48.23 .0436 .5288 90.47 74.50 35.28 
S 2 2 2 47.89 .0437 .5309 90.84 75.19 35.02 
S 2 2 3 48.32 .0433 .5255 90.24 76.63 35.90 
S 2 2 1 11.11 .0185 .2246 89.08 36.08 18.25 
S 2 2 2 10.91 .0185 .2251 89.66 36.65 18.06 
S 2 2 3 11.24 .0180 .2189 89.14 38.15 18.97 
S 2 2 1 32.73 .0315 .3820 89.67 63.21 31.96 
S 2 2 2 32.61 .0331 .4019 90.19 64.17 30.52 
S 2 2 3 32.76 .0308 .3738 90.28 65.57 32.56 
1 1 1 50.18 .0414 .5170 89.98 73.55 37.23 
1 1 2 50.12 .0407 .5090 89.32 76.76 38.04 
1 1 3 50.35 .0411 .5139 89.88 74.05 38.17 
1 1 1 0 .0118 .1477 89.19 0 
1 1 2 0 .0116 .1455 88.95 0 
1 1 3 0 .0117 .1466 88.19 0 
1 1 1 25.06 .0254 .3178 90.40 62.47 30.26 
1 1 2 25.26 .0256 .3195 90.00 60.95 30.61 
1 1 3 25.65 .0263 .3284 89.55 59.81 30.28 
1 1 1 55.37 .0458 .5720 90.23 81.67 38.74 
1 1 2 55.41 .0456 .5705 90.09 81.68 38.75 
1 1 3 56.17 .0465 .5808 89.95 80.63 39.29 
1 1 1 12.46 .0184 .2300 89.57 44.02 20.71 
1 1 2 12.41 .0183 .2288 89.67 40.89 20.65 
1 1 3 12.33 .0188 .2345 89.31 40.31 20.16 
1 1 1 37.56 .0328 .4094 89.69 72.40 35.61 
1 1 2 37.32 .0325 .4064 90.18 70.52 35.62 
1 1 3 38.04 .0339 .4240 89.74 69.71 34.90 
1 2 1 48.03 .0372 .4655 90.13 76.60 39.37 
1 2 2 47.62 .0376 .4705 90.60 75.62 38.70 
1 2 3 47.64 .0373 .4661 91.49 76.98 38.83 
1 2 1 0 .0114 .1427 88.52 0 
1 2 2 0 .0111 .1393 89.26 0 
1 2 3 0 .0118 .1479 90.30 0 
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Table B.4. (continued) 
F P T R Brake Fuel- Fuel- Vol urn. Mech. B. Ther. 
U R I E Power Air Alr Eq. Eff. Eff. Eff. 
L S M P kW Ratio Ratio X X X 
T 1 2 1 24.17 .0267 .3342 90.00 61.39 27.50 
T 1 2 2 24.64 .0268 .3346 90.64 64.59 28.08 
T 1 2 3 24.01 .0266 .3325 91.53 64.68 27.48 
T 1 2 1 53.34 .0453 .5660 90.49 82.89 37.51 
T 1 2 2 53.53 .0463 .5790 91.15 82.27 36.83 
T 1 2 3 54.99 .0461 .5766 91.65 82.65 37.84 
T 1 2 1 11.90 .0170 .2126 89.89 40.47 21.03 
T 1 2 2 11.72 .0184 .2301 90.36 40.93 19.14 
T 1 2 3 11.90 .0184 .2299 91.65 44.75 19.51 
T 1 2 1 36.18 .0348 .4352 90.70 72.05 31.71 
T 1 2 2 35.93 .0340 .4248 91.19 70.83 32.24 
T 1 2 3 36.11 .0332 .4147 91.92 72.90 33.19 
T 2 1 1 41.48 .0359 .4490 90.55 73.27 33.91 
T 2 1 2 41.13 .0358 .4471 90.28 72.87 34.32 
T 2 1 3 41.03 .0365 .4561 89.57 73.83 33.76 
T 2 1 1 0 .0113 .1409 88.14 0 
T 2 1 2 0 .0111 .1390 88.11 0 * 
T 2 1 3 0 .0110 .1375 87.63 0 
T 2 1 1 21.23 .0228 .2846 89.42 57.98 27.31 
T 2 1 2 20.76 .0227 .2834 88.98 56.29 27.12 
T 2 1 3 21.06 .0223 .2785 89.17 56.65 28.05 
T 2 1 1 45.56 .0396 .4945 91.47 80.29 35.36 
T 2 1 2 45.79 .0406 .5075 91.01 77.94 34.91 
T 2 1 3 46.18 .0403 .5039 90.81 79.28 35.64 
T 2 1 1 10.65 .0165 .2061 89.14 38.91 18.80 
T 2 1 2 10.47 .0165 .2066 88.70 37.99 18.67 
T 2 1 3 10.84 .0169 .2106 88.31 39.11 19.06 
T 2 1 1 30.78 .0289 .3615 89.33 66.61 31.39 
T 2 1 2 31.17 .0288 .3604 89.45 66.88 32.25 
T 2 1 3 31.16 .0289 .3609 89.09 66.34 32.29 
T 2 2 1 42.02 .0391 .4889 89.27 70.47 33.08 
T 2 2 2 41.57 .0374 .4672 88.74 73.85 34.15 
T 2 2 3 41.88 .0386 .4826 88.30 73.89 33.88 
T 2 2 1 0 .0127 .1585 88.16 0 
T 2 2 2 0 .0118 .1471 87.30 0 
T 2 2 3 0 .0118 .1470 87.15 0 
T 2 2 1 21.05 .0250 .3122 89.13 55.83 25.79 
T 2 2 2 21.14 .0237 .2961 88.59 59.05 27.43 
T 2 2 3 20.96 .0232 .2903 88.56 57.69 27.55 
T 2 2 1 47.11 .0434 .5425 90.06 77.51 34.72 
T 2 2 2 48.32 .0435 .5439 89.08 79.08 35.31 
T 2 2 3 47.71 .0417 .5217 89.84 80.04 36.87 
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Table B.4. (continued) 
F P T R Brake Fuel- Fuel- Volum. Mech. B. Ther. 
U R I E Power Air Air Eq. Eff. Eff. Eff. 
L S M P kW Ratio Ratio % X % 
T 2 2 1 10.47 .0188 .2351 89.62 35.39 16.85 
T 2 2 2 10.25 .0176 .2203 87.94 38.18 17.72 
T 2 2 3 10.49 .0177 .2217 87.27 37.46 17.98 
T 2 2 1 32.40 .0325 .4064 89.91 64.86 30.56 
T 2 2 2 31.15 .0300 .3748 88.39 66.98 31.74 
T 2 2 3 32.16 .0315 .3934 88.35 65.67 31.35 
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Table B.5. Engine performance data set no.3 
F P T R Brake Heat to Ener. to Temp. Temp. Temp. 
U R I E Power Coolant Coolant 011 Sump on Gal. Exh. 
L S M P kW kJ/m1n X •c •c •c 
D 1 1 1 56.34 1955.09 22.59 106.7 104.6 541.2 
D 1 1 2 56.31 1795.49 21.13 106.7 105.0 539.5 
D 1 1 3 56.26 1858.42 21.05 106.7 104.5 545.0 
D 1 1 1 0 819.26 34.85 98.9 98.3 203.9 
D 1 1 2 0 733.55 34.29 98.9 98.3 201.1 
0 1 1 3 0 832.98 35.01 98.9 98.3 207.8 
D 1 1 1 28.38 1339.14 25.01 101.7 101.1 387.3 
D 1 1 2 28.09 1245.35 23.84 101.7 100.6 376.7 
D 1 1 3 27.82 1296.63 23.97 101.1 100.6 381.7 
D 1 1 1 63.03 2012.21 21.59 107.8 105.6 599.5 
D 1 1 2 63.54 2194.74 23.19 107.8 105.6 607.3 
0 1 1 3 61.14 2101.42 22.46 107.2 105.6 598.4 
D 1 1 1 13.75 1050.72 27.38 100.7 100.0 291.7 
D 1 1 2 14.11 1053.73 27.77 100.0 99.5 292.8 
D 1 1 3 13.83 1007.20 26.66 100.0 99.5 297.2 
0 1 1 1 42.53 1624.33 23.32 104.5 102.8 460.6 
D 1 1 2 42.84 1561.25 22.62 103.9 102.2 460.0 
0 1 1 3 42.14 1611.35 23.35 103.9 102.2 461.7 
0 1 2 1 50.62 1921.22 22.50 105.0 103.9 579.5 
D 1 2 2 50.75 1743.91 22.88 105.6 103.9 580.6 
D 1 2 3 50.57 1890.36 23.20 105.0 103.3 606.2 
D 1 2 1 0 1009.63 34.96 97.5 97.2 261.7 
D 1 2 2 0 1247.27 36.04 98.0 97.2 263.4 
D 1 2 3 0 1004.21 35.70 97.8 97.2 262.8 
D 1 2 1 26.14 1354.06 22.89 101.1 100.6 441.1 
D 1 2 2 26.53 1399.80 23.53 101.1 100.0 447.8 
0 1 2 3 26.03 1278.58 23.16 101.0 99.5 456.1 
D 1 2 1 56.61 1835.58 21.76 106.7 105.0 622.3 
D 1 2 2 57.45 1893.74 22.13 106.1 105.0 630.6 
D 1 2 3 54.68 1847.25 21.63 106.1 103.3 635.1 
D 1 2 1 12.68 1006.36 27.15 99.3 98.9 342.2 
0 1 2 2 12.55 1141.58 25.98 99.5 98.3 346.7 
D 1 2 3 12.67 1006.82 26.66 99.5 98.3 355.0 
0 1 2 1 38.73 1364.09 21.38 102.8 101.7 513.4 
D 1 2 2 38.72 1526.60 21.46 103.0 101.7 539.5 
D 1 2 3 38.58 1689.02 22.94 103.3 101.1 532.8 
D 2 1 1 45.00 1735.29 22.20 103.9 102.5 523.4 
D 2 1 2 44.58 1666.49 20.74 104.5 102.8 535.6 
D 2 1 3 45.27 1797.92 22.83 104.5 102.5 540,6 
D 2 1 1 0 799.40 34.84 98.7 98.0 212.8 
D 2 1 2 0 822.73 35.70 98.3 97.8 215.0 
D 2 1 3 0 795.43 35.81 98.7 98.0 213.4 
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Table B.5. (continued) 
F P T R Brake Heat to Ener. to Temp. Temp. Temp. 
U R I E Power Coolant Coolant 011 Sump Oil Gal. Exh. 
L S N P kW kJ/m1n X •c *c •c 
0 2 1 1 22.97 1217.24 25.02 100.6 100.3 354.5 
D 2 1 2 23.29 1227.55 24.53 100.8 100.0 361.1 
D 2 1 3 23.38 1165.52 24.21 101.1 100.1 355.0 
D 2 1 1 47.83 1864.20 22.63 104.3 103.0 553.9 
D 2 1 2 47.94 1837.76 21.97 104.5 102.8 556.2 
0 2 1 3 47.79 1760.08 21.72 104.7 102.8 556.2 
D 2 1 1 11.53 1010.36 27.73 99.5 98.7 282.2 
0 2 1 2 11.44 955.45 26.35 99.3 98.7 281.1 
D 2 1 3 11.75 930.93 26.48 100.0 98.9 279.5 
D 2 1 1 33.78 1481.32 23.41 102.2 101.1 430.6 
D 2 1 2 33.80 1454.87 22.50 102.2 101.1 442.3 
0 2 1 3 33.91 1425.94 22.93 102.5 101.3 432.3 
D 2 2 1 44.26 1804.71 22.42 105.0 102.8 545.0 
D 2 2 2 45.15 1563.33 23.00 105.0 102.8 548.9 
0 2 2 3 45.55 1777.22 22.71 105.3 103.3 543.9 
0 2 2 1 0 1027.94 36.32 99.5 98.7 248.9 
0 2 2 2 0 935.40 35.33 99.5 98.9 235.0 
0 2 2 3 0 942.14 34.87 100.0 99.0 247.2 
0 2 2 1 22.57 1287.74 24.74 101.7 100.8 396.7 
0 2 2 2 22.47 1277.25 24.94 101.7 100.8 392.8 
0 2 2 3 23.82 1254.27 25.52 101.9 101.0 379.5 
0 2 2 1 49.03 1970.08 22.77 105.6 103.9 586.7 
0 2 2 2 50.09 1932.91 22.92 105.3 103.9 598.4 
0 2 2 3 48.33 2020.38 23.36 105.5 103.7 589.5 
0 2 2 1 12.35 1205.32 29.62 100.6 98.8 330.0 
0 2 2 2 11.33 1105.67 30.10 100.6 100.0 314.5 
0 2 2 3 11.32 1138.68 30.18 100.6 100.0 320.0 
0 2 2 1 33.68 1611.35 24.16 103.3 102.2 468.4 
0 2 2 2 33.85 1450.21 24.23 103.3 102.2 467.8 
0 2 2 3 33.47 1559.91 24.34 103.9 102.5 461.1 
S 1 1 1 50.32 1865.56 23.16 105.6 103.5 508.4 
S 1 1 2 49.91 1825.20 22.68 105.5 103.5 508.4 
S 1 1 3 50.92 1905.25 23.38 105.6 103.3 512.8 
S 1 1 1 0 859.60 35.19 98.3 97.8 211.1 
S 1 1 2 0 860.06 34.90 98.3 97.5 213.9 
S 1 1 3 0 846.68 34.95 98.3 97.8 205.0 
S 1 1 1 24.80 1203.57 24.06 100.5 100.0 356.7 
S 1 1 2 24.99 1279.26 25.49 100.6 100.0 354.5 
S 1 1 3 25.08 1309.86 25.90 100.6 100.2 353.9 
S 1 1 1 55.87 1994.86 22.85 106.7 105.0 556.7 
S 1 1 2 54.97 1854.14 21.33 106.7 105.0 555.0 
S 1 1 3 56.14 1908.82 21.91 106.7 104.5 558.4 
le B 
T R 
I E 
M P 
1 1 
1 2 
1 3 
1 1 
1 2 
1 3 
2 1 
2 2 
2 3 
2 1 
2 2 
2 3 
2 1 
2 2 
2 3 
2 1 
2 2 
2 3 
2 1 
2 2 
2 3 
2 1 
2 2 
2 3 
1 1 
1 2 
1 3 
1 1 
1 2 
1 3 
1 1 
1 2 
1 3 
1 1 
1 2 
1 3 
1 1 
1 2 
1 3 
1 1 
1 2 
1 3 
258 
(continued) 
Brake Heat to Ener. to Temp. Temp. Temp. 
Power Coolant Coolant 011 Sump Oil Gal. Exh. 
kW kJ/min X •c •c •c 
12.79 992.68 26.61 99.7 98.9 283.9 
12.41 970.67 26.76 99.5 98.9 278.4 
12.77 1032.76 27.74 99.5 98.7 286.1 
38.05 1457.91 22.64 103.4 101.4 427.8 
38.06 1495.74 23.12 103.3 101.7 430.6 
38.40 1486.85 22.93 103.3 101.4 436.7 
47.81 1812.63 21.98 103.9 102.2 540.6 
48.06 1895.74 23.77 103.5 103.3 543.4 
48.73 1921.22 23.02 103.7 102.8 554.5 
0 966.66 35.82 97.8 97.8 226.7 
0 979.13 35.66 97.5 96.7 227.8 
0 992.16 36.24 97.5 97.2 230.0 
24.62 1136.63 23.09 100.6 100.0 405.6 
24.89 1238.29 22.98 100.5 98.9 408.9 
24.84 1259.00 22.82 100.3 98.9 412.3 
54.36 1885.00 23.16 104.9 102.8 576.2 
53.32 1932.91 22.13 105.0 102.2 571.2 
54.63 1754.49 22.79 104.7 102.8 584.5 
11.51 963.99 26.81 98.9 98.3 311.1 
12.12 1069.79 26.56 98.9 98.3 325.0 
12.70 1014.77 27.60 98.9 97.8 331.7 
36.33 1480.79 23.23 101.8 100.6 469.5 
36.81 1586.56 22.19 102.0 101.1 475.6 
36.65 1487.94 21.60 102.2 100.6 485.6 
40.86 1657.83 22.10 103.3 102.2 496.2 
40.31 1653.86 22.28 103.3 101.9 498.9 
40.98 1640.63 22.37 103.0 101.7 480.0 
• 0 834.46 35.72 97.8 97.7 207.2 
0 853.31 36.57 98.3 97.5 209.5 
0 903.67 37.48 98.3 97.5 215.6 
20.00 1111.80 24.84 100.5 99.5 321.1 
20.73 1177.12 26.29 100.2 99.7 330.0 
20.56 1177.98 24.82 100.2 99.5 324.5 
45.57 1624.33 20.85 103.9 102.2 526.7 
45.69 1648.53 20.86 103.9 102.2 528.9 
45.50 1673.93 21.55 103.7 102.5 522.8 
10.74 1032.01 27.94 99.5 98.5 277.8 
10.39 943.04 26.82 99.0 98.3 268.9 
10.87 926.50 26.20 99.0 98.3 268.9 
30.67 1363.94 22.88 101.5 100.8 402.8 
30.65 1395.07 23.42 101.7 100.6 401.1 
30.74 1326.74 22.67 iOI.7 100.6 395.6 
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Table B.S. (continued) 
F P T R Brake Heat to Ener. to Temp. Temp. Temp. 
U R I E Power Coolant Coolant Oil Sump Oil Gal. Exh. 
L S H P kW kJ/mln % •c •c •c 
S 2 2 1 42.77 1662.74 21.69 103.8 102.4 520.6 
S 2 2 2 43.21 1851.65 23.71 104.0 102.4 538.9 
S 2 2 3 42.92 1744.32 22.17 103.8 102.6 517.8 
S 2 2 1 0 901.01 35.92 98.9 98.3 226.7 
S 2 2 2 0 945.40 37.63 98.7 98.3 225.6 
S 2 2 3 0 905.37 36.00 99.0 98.5 220.0 
S 2 2 1 22.16 1203.58 24.54 101.7 100.6 370.6 
S 2 2 2 21.64 1169.28 23.91 101.1 100.6 371.1 
S 2 2 3 21.93 1252.35 25.70 101.5 100.3 371.1 
S 2 2 1 48.23 1870.96 22.81 104.6 103.2 560.0 
S 2 2 2 47.89 1846.18 22.51 104.7 103.0 564.5 
S 2 2 3 48.32 1862.04 23.06 104.6 103.0 565.6 
S 2 2 1 11.11 1099.82 30.12 100.0 99.0 309.5 
S 2 2 2 10.91 1116.05 30.78 100.0 99.2 303.4 
S 2 2 3 11.24 1043.11 29.35 99.8 99.2 301.1 
S 2 2 1 32.73 1560.11 25.39 102.8 101.5 445.6 
S 2 2 2 32.61 1494.55 23.31 102.5 101.7 448.9 
S 2 2 3 32.76 1512.73 25.06 102.8 101.5 446.7 
T 1 1 1 50.18 1810.32 22.39 105.0 103.3 510.0 
T 1 1 2 50.12 1784.87 22.58 105.2 103.1 513.4 
T 1 1 3 50.35 1851.65 23.40 105.0 103.3 513.4 
T 1 1 1 0 829.84 35.65 97.8 97.2 206.7 
T 1 1 2 0 831.97 36.36 97.5 97.4 206.1 
T 1 1 3 0 825.02 35.85 97.8 97.4 210.6 
T 1 1 1 25.06 1307.38 26.31 100.6 98.9 350.6 
T 1 1 2 25.26 1251.60 25.28 100.4 98.9 358.4 
T 1 1 3 25.65 1265.21 24.89 100.4 99.0 365.0 
T 1 1 1 55.37 1859.24 21.68 106.1 103.9 552.3 
T 1 1 2 55.41 1936.90 22.58 105.6 103.7 553.9 
T 1 1 3 56.17 1943.53 22.66 105.6 103.7 563.9 
T 1 1 1 12.46 992.68 27.50 98.9 97.8 281.7 
T 1 1 2 12.41 980.27 27.19 98.9 98.0 280.0 
T 1 1 3 12.33 1032.39 28.14 98.9 98.0 285.6 
T 1 1 1 37.56 1475.00 23.31 102.8 101.1 425.6 
T 1 1 2 37.32 1454.87 23.15 102.8 100.6 427.8 
T 1 1 3 38.04 1525.13 23.32 102.5 101.1 441.1 
T 1 2 1 48.03 1707.04 23.32 103.3 101.7 554.5 
T 1 2 2 47.62 1662.37 22.52 103.5 103.3 553.9 
T 1 2 3 47.64 1636.73 22.24 102.8 101.7 522.3 
T 1 2 1 0 832.44 36.53 97.2 96.1 227.8 
T 1 2 2 0 824.46 37.03 97.2 97.8 227.2 
T 1 2 3 0 868.18 36.91 97.2 97.2 223.4 
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Table B.5. (continued) 
F P T R Brake Heat to Ener. to Temp. Temp. Temp. 
U R I E Power Coolant Coolant Oil Sump Oil Gal. Exh. 
L S M P kW kJ/mIn X •c •c *c 
T 1 2 1 24.17 1277.61 24.23 100.0 98.9 406.1 
T 1 2 2 24.64 1349.06 25.63 99.5 98.9 410.6 
T 1 2 3 24.01 1215.59 23.19 99.5 98.9 385.0 
T 1 2 1 53.34 1873.03 21.95 104.5 102.8 580.6 
T 1 2 2 53.53 1966.67 22.55 104.5 102.8 585.6 
T 1 2 3 54.99 1995.69 22.89 105.0 103.3 582.3 
T 1 2 1 11.90 940.39 27.70 98.3 98.3 328.9 
T 1 2 2 11.72 1029.98 28.04 98.3 98.3 326.7 
T 1 2 3 11.90 1005.09 27.46 98.3 97.8 307.8 
T 1 2 1 36.18 1494.55 21.83 101.5 101.1 482.8 
T 1 2 2 35.93 1451.26 21.70 101.7 100.6 481.1 
T 1 2 3 36.11 1413.54 21.65 101.7 100.0 461.7 
T 2 1 1 41.48 1658.83 22.60 102.8 101.8 491.2 
T 2 1 2 41.13 1560.46 21.70 102.2 101.6 484.5 
T 2 1 3 41.03 1614.17 22.14 102.8 101.7 500.6 
T 2 1 1 0 790.28 34.09 98.0 97.0 206.7 
T 2 1 2 0 799.69 35.28 97.8 97.2 208.3 
T 2 1 3 0 776.23 34.94 97.8 97.2 203.3 
T 2 1 1 21.23 1203.58 25.80 99.7 99.2 330.0 
T 2 1 2 20.76 1157.52 25.21 100.0 99.0 330.0 
T 2 1 3 21.06 1132.49 25.14 100.0 99.2 327.2 
T 2 1 1 45.56 1636.14 21.16 103.3 101.7 491.7 
T 2 1 2 45.79 1771.65 22.51 103.3 101.7 531.7 
T 2 1 3 46.18 1731.99 22.28 103.3 101.7 532.3 
T 2 1 1 10.65 943.77 27.78 98.9 98.3 267.8 
T 2 1 2 10.47 896.98 26.65 98.9 98.1 265.6 
T 2 1 3 10.84 930.97 27.28 98.7 98.3 268.9 
T 2 1 1 30.78 1298.32 22.07 101.1 100.0 398.4 
T 2 1 2 31.17 1286.07 22.18 101.1 100.3 399.5 
T 2 1 3 31.16 1283.40 22.17 100.6 100.0 397.3 
T 2 2 1 42.02 1724.15 22.62 103.3 102.0 516.2 
T 2 2 2 41.57 1632.83 22.36 103.3 102.2 503.9 
T 2 2 3 41.88 1587.71 21.41 103.0 102.2 523.9 
T 2 2 1 0 914.92 36.51 98.0 97.5 233.4 
T 2 2 2 0 848.77 36.46 98.3 97.8 211.1 
T 2 2 3 0 801.76 35.05 98.3 97.8 214.5 
T 2 2 1 21.05 1226.72 25.05 100.7 100.0 371.1 
T 2 2 2 21.14 1177.55 25.47 100.7 99.7 354.5 
T 2 2 3 20.96 1229.23 26.93 100.5 99.7 366.1 
T 2 2 1 47.11 1779.33 21.86 103.8 102.2 558.9 
T 2 2 2 48.32 1757.79 21.41 104.0 102.5 551.2 
T 2 2 3 47.71 1734.66 22.35 104.0 102.2 561.7 
261 
Table B.5. (continued) 
F P T R Brake Heat to Ener. to Temp. Temp. Temp. 
U R I E Power Coolant Coolant 011 Sump Oil Gal. Exh. 
L S H P kW kJ/mln % •c •c *C 
T 2 2 1 10.47 1098.56 29.47 99.2 99.2 306.1 
T 2 2 2 10.25 1005.45 28.99 99.4 98.9 286.7 
T 2 2 3 10.49 1010.83 28.88 99.4 98.9 298.4 
T 2 2 1 32.40 1504.47 23.65 102.0 101.1 447.3 
T 2 2 2 31.15 1372.18 23.31 101.8 100.6 416.1 
T 2 2 3 32.16 1504.47 24.45 101.8 100.6 448.4 
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Table B.6. Exhaust mission data 
F P T R Brake CO2 CO O2 NOx HC Bosct 
U R I E Power Smoke 
L S M P kW % vol. ppm % vol. ppm ppm No. 
D 1 1 1 56.34 7.86 246 10.51 1657 24 2.23 
D 1 1 2 56.31 8.24 258 10.17 1743 27 1.83 
D 1 1 3 56.26 7.87 261 10.18 1677 25 2.20 
0 1 1 1 0 1.69 689 18.85 115 104 0.70 
D 1 1 2 0 1.84 687 18.10 163 102 0.67 
D 1 1 3 0 1.81 642 18.54 204 150 1.07 
D 1 1 1 28.38 4.48 407 14.94 440 51 2.40 
D 1 1 2 28.09 4.46 439 14.54 498 57 1.70 
0 1 1 3 27.82 4.36 408 14.87 592 62 1.87 
D 1 1 1 63.03 9.16 414 8.75 2274 43 2.93 
0 1 1 2 63.54 9.16 555 8.15 2119 41 2.77 
0 1 1 3 61.14 8.75 416 8.69 2754 38 2.67 
D 1 1 1 13.75 3.13 537 16.38 294 46 1.70 
D 1 1 2 14.11 3.33 586 16.14 285 46 1.50 
D 1 1 3 13.83 3.10 511 16.26 274 61 1.73 
0 1 1 1 42.53 5.98 275 12.40 902 28 1.90 
D 1 1 2 42.84 6.34 349 12.32 862 29 2.10 
0 1 1 3 42.14 5.70 272 12.56 1100 22 2.13 
D 1 2 1 50.62 7.67 348 10.47 641 23 2.47 
D 1 2 2 50.72 7.60 325 9.97 568 26 2.20 
D 1 2 3 50.57 8.15 394 9.63 618 28 2.63 
0 1 2 1 0 2.11 1327 18.14 48 731 0.80 
0 1 2 2 0 2.04 1283 17.52 50 730 0.80 
0 1 2 3 0 2.12 1333 18.05 49 584 0.83 
0 1 2 1 26.14 4.58 608 14.34 173 161 1.60 
0 1 2 2 26.53 4.46 576 14.20 138 145 1.63 
D 1 2 3 26.03 4.81 545 14.22 184 211 1.80 
D 1 2 1 56.61 8.83 380 8.25 754 18 2.37 
D 1 2 2 57.45 8.78 389 8.39 804 39 2.43 
D 1 2 3 54.68 8.88 421 8.46 711 24 2.50 
D 1 2 1 12.68 3.34 1101 15.98 121 252 0.93 
D 1 2 2 12.55 3.38 1047 15.67 101 239 0.90 
D 1 2 3 12.67 3.54 1045 15.62 165 208 0.80 
0 1 2 1 38.73 5.89 361 12.07 338 42 2.03 
D 1 2 2 38.72 6.46 323 11.47 245 42 2.00 
0 1 2 3 38.58 6.31 364 11.79 519 60 2.00 
D 2 1 1 45.00 6.74 938 11.57 863 61 3.10 
D 2 1 2 44.58 6.81 1146 10.83 847 66 3.27 
D 2 1 3 45.27 6.85 1142 11.48 899 64 4.50 
D 2 1 1 0 1.89 519 18.22 51 77 1.20 
D 2 1 2 0 1.88 469 17.67 55 73 1.70 
D 2 1 3 0 1.85 508 18.55 60 76 1.97 
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Table B.6. (continued) 
F P T R Brake CO^ CO 02 NOx HC Bosch 
U R I E Power Smoke 
L S H P kW % vol. ppm xvol. ppm ppm No. 
0 2 1 1 22.97 4.13 448 15.03 355 60 1.47 
D 2 1 2 23.29 4.15 320 14.23 352 55 2.20 
D 2 1 3 23.38 4.22 375 15.30 365 59 2.23 
D 2 1 1 47.83 7.29 1357 10.47 997 75 5.10 
0 2 1 2 47.94 7.43 1412 9.86 1040 73 5.43 
D 2 1 3 47.79 7.78 1724 10.43 1056 80 5.90 
0 2 1 1 11.53 2.93 431 16.36 165 51 1.90 
D 2 1 2 11.44 2.93 428 15.89 186 52 1.60 
0 2 1 3 11.75 2.91 509 16.92 156 57 2.53 
0 2 1 1 33.78 4.94 366 13.39 550 52 2.80 
D 2 1 2 33.80 4.99 483 12.99 593 56 3.01 
D 2 1 3 33.91 4.98 441 13.90 556 55 3.60 
0 2 2 1 44.26 6.90 700 12.05 710 70 4.43 
0 2 2 2 45.25 6.05 496 11.99 569 64 2.87 
D 2 2 3 45.55 7.38 663 11.01 948 76 3.83 
D 2 2 1 0 2.11 767 19.00 68 202 1.27 
0 2 2 2 0 1.95 931 17.38 40 284 1.40 
D 2 2 3 0 2.10 750 18.33 75 182 1.23 
D 2 2 1 22.57 4.12 421 16.06 299 81 1.97 
0 2 2 2 22.47 4.15 527 14.49 314 84 2.17 
D 2 2 3 23.82 4.23 413 15.38 424 70 2.37 
D 2 2 1 49.03 7.94 1557 10.23 914 97 5.77 
D 2 2 2 50.09 8.08 1286 9.35 868 74 4.03 
D 2 2 3 48.33 8.29 1814 9.67 1247 96 5.57 
D 2 2 1 12.35 3.23 558 16.73 263 75 2.63 
D 2 2 2 11.33 3.26 721 15.48 148 103 1.70 
0 2 2 3 11.32 3.14 567 16.78 284 73 1.97 
D 2 2 1 33.68 5.33 371 13.67 630 54 4.15 
D 2 2 2 33.85 5.34 451 12.82 425 63 2.23 
0 2 2 3 33.47 5.27 362 13.68 686 55 3.70 
S 1 1 1 50.32 7.20 256 11.10 1971 17 1.37 
S 1 1 2 49.91 7.21 326 10.78 1705 25 0.80 
S 1 1 3 50.92 7.44 223 11.14 1504 19 1.07 
S 1 1 1 0 2.02 527 17.95 103 56 0.80 
S 1 1 2 0 2.08 526 17.24 112 55 0.60 
S 1 1 3 0 2.01 474 18.30 174 58 0.87 
S 1 1 1 24.80 4.23 392 14.83 528 42 1.13 
S 1 1 2 24.99 4.33 414 14.40 447 42 0.80 
S 1 1 3 25.08 4.36 328 15.03 458 48 0.90 
S 1 1 1 55.87 8.25 376 9.53 2705 26 1.40 
S 1 1 2 54.97 8.18 440 9.53 2227 34 1.10 
S 1 1 3 56.14 8.42 347 9.79 2129 30 1.33 
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Table B.6. (continued) 
F P T R Brake CO2 CO O2 NOx (!C Bosch 
U R I E Power Smoke 
L S M P kW X V0I. ppm X vol. ppm ppm No. 
S 1 1 1 12.79 3.24 494 15.76 293 42 0.90 
s 1 1 2 12.41 3.18 494 15.64 242 41 0.67 
s 1 1 3 12.77 3.28 397 16.09 299 37 1.00 
s 1 1 1 38.05 5.51 282 12.69 1048 33 0.90 
s 1 1 2 38.06 5.63 302 12.45 921 34 0.76 
s 1 1 3 38.40 5.76 204 12.86 884 29 1.00 
s 1 2 1 47.81 7.04 268 11.29 823 18 0.69 
s 1 2 2 48.06 7.03 317 11.01 882 18 0.57 
s 1 2 3 48.73 7.20 340 10.67 883 19 0.50 
s 1 2 1 0 1.82 901 18.42 60 189 0.10 
s 1 2 2 0 1.87 1030 18.24 60 217 0.10 
s 1 2 3 0 1.93 1035 17.63 52 214 0.07 
s 1 2 1 24.62 4.37 484 14.80 222 69 0.20 
s 1 2 2 24.89 4.35 552 14.80 258 84 0.10 
s 1 2 3 24.84 4.46 569 14.31 285 91 0.10 
s 1 2 1 54.36 7.89 277 9.91 957 24 0.60 
s 1 2 2 53.32 7.72 320 10.18 1180 19 0.60 
s 1 2 3 54.63 7.67 359 9.72 1242 14 0.57 
s 1 2 1 11.51 3.08 741 16.13 145 80 0.07 
s 1 2 2 12.12 3.20 816 16.03 134 96 0.10 
s 1 2 3 12.70 3.29 799 15.56 154 95 0.10 
s 1 2 1 36.33 5.35 328 12.90 474 44 0.20 
s 1 2 2 36.81 5.48 377 12.85 505 43 0.20 
s 1 2 3 36.65 5.69 388 12.29 556 43 0.10 
s 2 1 1 40.86 6.25 658 12.72 625 33 1.63 
s 2 1 2 40.31 4.84 805 14.21 596 36 2.37 
s 2 1 3 40.98 6.06 446 13.41 894 29 2.00 
s 2 1 1 0 1.36 315 19.59 69 29 0.60 
s 2 1 2 0 1.03 304 19.67 64 31 0.60 
s 2 1 3 0 2.00 329 18.75 77 32 0.70 
s 2 1 1 20.00 2.96 302 17.18 197 33 0.80 
s 2 1 2 20.73 2.45 294 17.72 181 35 0.60 
s 2 1 3 20.56 3.87 243 16.09 376 36 0.67 
s 2 1 1 45.57 6.01 1057 12.74 759 63 2.97 
s 2 1 2 45.69 5.11 1031 13.87 678 60 2.97 
s 2 1 3 45.50 6.93 980 11.85 1180 57 3.03 
s 2 1 1 10.74 1.97 294 18.35 189 21 0.60 
s 2 1 2 10.39 1.59 266 18.95 141 23 0.63 
s 2 1 3 10.87 2.86 311 17.12 271 25 0.70 
s 2 1 1 30.67 3.66 300 15.95 390 34 0.97 
s 2 1 2 30.65 3.11 228 16.84 305 36 1.10 
s 2 1 3 30.74 4.78 209 14.43 648 37 1.00 
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Table B.6. (continued) 
F P T R Brake CO2 CO O2 NOx HC Bosch 
U R I E . Power Smoke 
L S M P kW XV0I. ppm Xvol. ppm ppm No. 
S 2 2 1 42.77 6.63 673 11.42 859 40 1.73 
S 2 2 2 43.21 7.30 730 11.17 671 44 1.70 
S 2 2 3 42.92 6.71 594 11.81 799 42 1.97 
S 2 2 1 0 2.06 581 17.32 83 65 0.70 
S 2 2 2 0 2.18 431 17.72 . 43 65 0.37 
S 2 2 3 0 1.98 537 18.14 41 78 1.10 
S 2 2 1 22.16 4.34 390 14.31 430 45 0.83 
S 2 2 2 21.64 4.41 258 14.76 372 44 1.00 
S 2 2 3 21.93 4.28 371 15.03 310 55 1.23 
S 2 2 1 48.23 7.36 1273 10.26 1180 63 2.63 
S 2 2 2 47.89 8.30 1042 9.87 1074 64 2.40 
S 2 2 3 48.32 7,86 1146 10.30 1012 65 2.67 
S 2 2 1 11.11 2.93 480 15.74 229 39 0.90 
S 2 2 2 10.91 3.28 417 15.87 299 38 0.60 
S 2 2 3 11.24 3.20 478 16.03 193 47 1.13 
S 2 2 1 32.73 5.04 380 13.00 693 39 1.17 
S 2 2 2 32.61 5.50 307 13.03 670 40 1.23 
S 2 2 3 32.76 5.43 341 13.04 503 41 1.36 
T 1 1 1 50.18 7.24 188 11.19 1610 17 1.03 
T 1 1 2 50.12 7.23 177 11.06 1959 16 1.20 
T 1 1 3 50.35 7.63 254 11.40 1679 19 1.00 
T 1 1 1 0 2.01 272 18.23 147 37 0.80 
T 1 1 2 0 2.02 278 17.78 180 36 0.70 
T 1 1 3 0 2.13 358 18.42 132 41 0.73 
T 1 1 1 25.06 4.34 247 14.99 444 37 0.90 
T 1 1 2 25.26 4.38 250 14.71 457 36 0.87 
T 1 1 3 25.65 4.66 329 15.08 468 43 1.00 
T 1 1 1 55.37 8.23 226 9.88 2304 42 1.13 
T 1 1 2 55.41 8.37 256 9.68 2450 22 1.10 
T 1 1 3 56.17 8.83 359 9.83 2533 23 1.40 
T 1 1 1 12.46 3.18 275 16.23 307 31 0.83 
T 1 1 2 12.41 3.22 285 16.05 311 31 0.80 
T 1 1 3 12.33 3.41 363 16.36 263 33 0.90 
T 1 1 1 37.56 5.53 187 12.99 1179 25 0.87 
T 1 1 2 37.32 5.54 188 12.93 829 23 0.70 
T 1 1 3 38.04 6.11 272 12.86 901 24 1.00 
T 1 2 1 48.03 7.33 274 11.07 788 18 1.90 
T 1 2 2 47.62 7.30 323 10.66 824 17 1.93 
T 1 2 3 47.64 6.52 328 12.06 669 28 1.47 
T 1 2 1 0 1.90 545 18.48 54 89 0.70 
T 1 2 2 0 1.90 610 17.82 63 94 0.70 
T 1 2 3 0 1.79 610 18.13 72 76 0.63 
Table B.6. (continued) 
F P T R Brake CO2 CO O2 NOx HC Bosch 
U R I E Power Smoke 
L S H P kW % vol. ppm XV0I. ppm ppm No. 
T 1 2 1 24.17 4.40 372 14.90 232 54 1.40 
T 1 2 2 24.64 4.44 413 14.40 264 53 1.37 
T 1 2 3 24.01 4.18 465 14.91 247 41 0.97 
T 1 2 1 53.34 7.98 280 9.98 1107 22 2.00 
T 1 2 2 53.53 8.09 344 9.62 1211 19 2.00 
T 1 2 3 54.99 8.70 330 9.25 1137 33 1.77 
T 1 2 1 11.90 3.29 457 16.07 139 57 1.10 
T 1 2 2 11.72 3.21 500 15.85 165 56 1.00 
T 1 2 3 11.90 3.23 518 16.08 233 54 0.67 
T 1 2 1 36.18 5.65 299 12.73 487 24 1.50 
T 1 2 2 35.93 5.55 337 12.58 514 23 1.53 
T 1 2 3 36.11 6.01 390 13.03 528 24 1.20 
T 2 1 1 41.48 6.01 531 12.57 899 31 2.13 
T 2 1 2 41.13 5.99 641 12.81 998 29 1.57 
T 2 1 3 41.03 5.94 998 12.49 1036 34 1.90 
T 2 1 1 0 1.82 225 18.41 160 25 0.57 
T 2 1 2 0 1.86 343 18.50 195 24 0.60 
T 2 1 3 0 1.79 366 18.43 148 25 0.63 
T 2 1 1 21.23 3.78 291 15.72 310 41 0.80 
T 2 1 2 20.76 3.85 311 15.76 426 38 1.03 
T 2 1 3 21.06 3.77 348 15.64 426 31 0.83 
T 2 1 1 45.56 6.78 1011 11.57 1116 55 3.00 
T 2 1 2 45.79 6.96 1297 11.40 1419 51 2.57 
T 2 1 3 46.18 6.80 1391 11.37 1350 55 2.43 
T 2 1 1 10.65 2.76 381 16.95 266 23 0,67 
T 2 1 2 10.47 2.74 371 16.99 311 21 0.87 
T 2 1 3 10.84 2.74 403 16.90 234 22 0,70 
T 2 1 1 30.78 4.70 329 14.27 600 42 1.37 
T 2 1 2 31.17 4.70 381 14.23 745 38 1,03 
T 2 1 3 31.16 4.69 412 14.18 664 36 0.87 
T 2 2 1 42.02 6.57 520 12.48 789 36 2.10 
T 2 2 2 41.57 6.03 463 12.36 667 28 1,63 
T 2 2 3 41.88 5.94 530 12.01 566 41 1.77 
T 2 2 1 0 2.07 304 18.90 92 47 0.77 
T 2 2 2 0 1.89 292 18.20 54 28 0.63 
T 2 2 3 0 1.82 407 18.09 21 47 1.07 
T 2 2 1 21.05 4.09 248 15.99 331 52 1.00 
T 2 2 2 21.14 4.02 241 15.18 305 50 0.76 
T 2 2 3 20.96 4.20 366 14.49 203 31 1.33 
T 2 2 1 47.11 7.71 1052 10.77 1052 53 2.63 
T 2 2 2 48.32 7.39 1095 10.46 1009 45 2.47 
T 2 2 3 47.71 6.89 1002 10.42 776 50 2.37 
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Table B.6. (continued) 
F P T R Brake CO2 CO O2 NOx HC Bosch 
U R I E Power Smoke 
L S H P kW %vol. ppm xvol. ppm ppm No. 
T 2 2 1 10.47 3.16 291 16.84 207 31 0.90 
T 2 2 2 10.25 2.98 290 16.24 124 30 0.70 
T 2 2 3 10.49 3.13 389 5.91 151 34 1.30 
T 2 2 1 32.40 5.27 272 13.80 611 37 1.17 
T 2 2 2 31.15 4.90 247 13.61 445 39 1.13 
T 2 2 3 32.16 5.52 400 12.74 385 40 1.50 
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Table B.7. Engine pressure data 
F P T R Brake Start of Start of Ignition Max. Cyl. 
U R I E Power Injection Iqnitlon Delay Pressure 
L S H P kW deg. from TDC deg. crank kPa 
D 1 1 1 56.34 -19.50 -3.00 16.50 7131.70 
D 1 1 2 56.31 -19.00 -2.75 16.25 6834.77 
D 1 1 3 56.26 -19.75 -3.75 16.00 6802.91 
D 1 1 1 0 -11.00 11.00 22.00 4524.49 
D 1 1 2 0 -11.25 12.25 23.50 4436.34 
D 1 1 3 0 -10.50 12.00 22.50 4620.84 
D 1 1 1 28.38 -14.25 3.25 18.50 5248.71 
D 1 1 2 28.09 -14.50 4.00 18.50 5003.65 
D 1 1 3 27.82 -14.00 4.75 18.75 5131.94 
D 1 1 1 63.54 -20.50 -5.75 14.75 7402.15 
D 1 1 2 63.03 -20.00 -4.75 15.25 7435.47 
D 1 1 3 61.14 -20.50 -5.50 15.00 7829.65 
D 1 1 1 13.75 -12.50 8.75 21.25 4739.27 
D 1 1 2 14.11 -12.00 8.00 20.00 4663.47 
D 1 1 3 13.83 -12.50 8.25 20.75 4962.27 
D 1 1 1 42.53 -16.75 0.25 17.00 5865.34 
D 1 1 2 42.84 -16.50 1.00 17.50 6147.51 
D 1 1 3 42.14 -17.00 0 17.00 5830.79 
0 1 2 1 50.62 -13.00 0.50 13.50 5702.91 
0 1 2 2 50.75 -13.50 0.75 14.25 5712.29 
D 1 2 3 50.57 -13.75 2.00 15.75 5636.62 
0 1 2 1 0 -8.00 18.50 26.50 3621.20 
D 1 2 2 0 -7.50 18.50 26.00 3637.07 
D 1 2 3 0 -7.00 19.00 26.00 3721.84 
D 1 2 1 26.14 -9.50 9.00 18.50 4458.41 
0 1 2 2 26.53 -10.00 11.00 21.00 4198.03 
0 1 2 3 26.03 -9.00 10.25 19.25 4303.22 
D 1 2 1 56.61 -15.50 0 15.50 6098.61 
D 1 2 2 57.45 -15.50 0 15.50 6160.83 
0 1 2 3 54.68 -14.75 0 14.75 6200.56 
D 1 2 1 12.68 -8.25 16.00 24.25 3976.49 
D 1 2 2 12.55 -8.00 15.25 23.25 3981.94 
D 1 2 3 12.67 -8.50 16.50 25.00 4035.81 
D 1 2 1 38.73 -12.00 6.25 18.25 4719.96 
0 1 2 2 38.72 -11.75 6.00 17.75 4640.16 
D 1 2 3 38.58 -11.50 5.50 17.00 4670.85 
D 2 1 1 45.00 -18.75 -4.75 14.00 8085.13 
D 2 1 2 44.58 -18.50 -3.25 14.25 8135.90 
0 2 1 3 45.27 -18.25 -3.75 14.50 8151.14 
D 2 1 1 0 -11.50 5.25 16.75 4995.37 
D 2 1 2 0 -11.75 5.25 17.00 4697.96 
D 2 1 3 0 -11.75 5.00 16.75 4973.37 
269 
Table B.7. (continued) 
F P T R Brake Start of Start of Ignition Max. Cyl. 
U L I E Power Injection lanition Oelay Pressure 
L S M P kW deg. from TDC deg. crank kPa 
D 2 1 1 22.97 -15.25 0.50 15.75 6173.79 
D 2 1 2 23.29 -15.50 0 15.50 6236.56 
0 2 1 3 23.38 -15.00 0.75 15.75 6379.96 
0 2 1 1 47.83 -19.25 -5.25 14.00 7864.62 
D 2 1 2 47.94 -19.00 -5.00 14.00 8268.40 
0 2 1 3 47.79 -18.75 -5.00 13.75 8006.71 
D 2 1 1 11.53 -13.00 3.25 16.25 5215.61 
D 2 1 2 11.44 -13.50 3.00 16.50 5298.24 
0 2 1 3 11.75 -13.-25 3.00 16.25 5111.04 
D 2 1 1 33.78 -17.00 -2.00 15.00 7066.94 
D 2 1 2 33.80 -16.75 -2.00 14.75 7024.90 
D 2 1 3 33.91 -17.00 -2.25 14.75 6768.83 
0 2 2 1 44.26 -12.50 1.25 13.75 6163.24 
D 2 2 2 45.15 -12.75 .50 13.25 6242.08 
D 2 2 3 45.55 -12.25 1.50 13.75 6194.55 
D 2 2 1 0 -8.00 12.75 20.75 3822.55 
D 2 2 2 0 -8.00 13.25 21.25 3785.23 
0 2 2 3 0 -8.25 12.75 21.00 3805.55 
0 2 2 1 22.57 -10.50 6.75 17.25 4655.75 
0 2 2 2 22.47 -10.50 7.50 18.00 4590.29 
0 2 2 3 23.82 -10.75 7.00 17.75 4638.76 
0 2 2 1 49.03 -12.75 -0.25 12.50 6525.70 
0 2 2 2 50.09 -12.50 0 12.50 6873.74 
0 2 2 3 48.33 -12.50 0.75 13.25 6610.74 
0 2 2 1 12.35 -9.00 10.25 19.25 4077.62 
0 2 2 2 11.33 -9.25 10.25 19.50 4160.64 
0 2 2 3 11.32 -9.00 9.75 18.75 4047.21 
0 2 2 1 33.68 -11.25 4.25 15.50 5435.15 
0 2 2 2 33.85 -11.75 4.25 16.00 5584.62 
0 2 2 3 33.47 -11.50 4.25 15.75 5488.47 
S 1 1 1 50.32 -19.50 -5.00 14.50 7440.57 
S 1 1 2 49.91 -19.00 -5.00 14.00 7148.95 
S 1 1 3 50.92 -19.25 -4.50 14.75 7275.24 
S 1 1 1 0 -12.00 8.75 20.75 4859.40 
S 1 1 2 0 -12.25 8.25 20.50 5080.59 
S 1 1 3 0 -12.50 7.75 20.25 4979.27 
S 1 1 1 24.80 -15.50 1.50 17.00 5788.99 
S 1 1 2 24.99 -15.75 0.75 16.50 5873.69 
S 1 1 3 25.08 -15.25 1.00 16.25 5871.00 
S 1 1 1 55.87 -20.00 -6.00 14.00 7903.59 
S 1 1 2 54.97 -19.50 -5.75 13.75 7721.71 
S 1 1 3 56.14 -20.00 -5.50 14.50 8250.39 
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Table B.7. (continued) 
F P T R Brake Start of Start of Ignition Max. Cyl. 
U R I E Power Injection Ignition Delay Pressure 
L S M P kW deg. from TDC deg. crank kPa 
S 1 1 1 12.79 -14.25 4.50 18.75 4925.63 
S 1 1 2 12.41 -13.50 5.00 18.50 5078.00 
S 1 1 3 12.77 -14.00 5.00 19.00 5010.73 
S 1 1 1 38.05 -17.25 -1.75 15.50 6515.63 
S 1 1 2 38.06 -17.50 -1.75 15.75 6328.71 
S 1 1 3 38.40 -17.50 -2.50 15.00 6355.75 
S 1 2 1 47.81 -14.00 0.25 14.25 6467.07 
S 1 2 2 48.06 -13.50 -0.10 13.40 6609.23 
S 1 2 3 48.73 -14.25 -0.25 14.00 6311.40 
S 1 2 1 0 -6.50 14.50 21.00 4569.18 
S 1 2 2 0 -6.50 15.50 22.00 4706.16 
S 1 2 3 0 -6.50 15.50 22.00 4502.42 
S 1 2 1 24.62 -10.00 7.75 17.75 5155.94 
S 1 2 2 24.89 -9.75 7.75 17.50 5122.01 
S 1 2 3 24.84 -9.25 7.50 16.75 5084.76 
S 1 2 1 54.36 -15.50 -2.25 13.25 7206.47 
S 1 2 2 53.32 -15.00 -2.00 13.00 7275.24 
S 1 2 3 54.63 -14.50 -1.25 13.25 6866.08 
S 1 2 1 11.51 -7.50 10.75 18.25 4890.74 
S 1 2 2 12.12 -8.00 12.25 20.25 4871.43 
S 1 2 3 12.70 -7.75 12.25 20.00 4798.72 
S 1 2 1 36.33 -12.00 3.50 15.50 5680.91 
S 1 2 2 36.81 -11.50 4.25 15.75 5702.91 
S 1 2 3 36.65 -11.00 3.00 14.00 5576.27 
S 2 1 1 40.86 -18.50 -4.75 13.75 8293.25 
S 2 1 2 40.31 -18.75 -4.75 14.00 8035.47 
S 2 1 3 40.98 -19.00 -5.25 13.75 8316.33 
S 2 1 1 0 -13.00 3.00 16.00 5178.82 
S 2 1 2 0 -13.50 2.75 16.25 4912.74 
S 2 1 3 0 -13.25 3.00 16.25 5190.74 
S 2 1 1 20.00 -16.25 -1.25 15.00 6658.82 
S 2 1 2 20.73 -16.75 -1.75 15.00 6725.93 
S 2 1 3 20.56 -16.50 -1.25 15.25 6599.29 
S 2 1 1 45.57 -19.50 -6.00 13.50 8848.23 
S 2 1 2 45.69 -19.75 —6.00 13.75 8614.59 
S 2 1 3 45.50 -19.25 -5.75 13.50 8778.80 
S 2 1 1 10.74 -15.50 0 15.50 5822.55 
S 2 1 2 10.39 -15.00 0.75 15.75 5905.38 
S 2 1 3 10.87 -15.25 0.50 15.75 5728.74 
S 2 1 1 30.67 -18.00 -3.75 14.25 7353.19 
S 2 1 2 30.65 -17.75 -3.25 14.50 7144.66 
S 2 1 3 30.74 -17.50 -3.00 14.50 7396.50 
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Table B.7. (continued) 
F P T R Brake Start of Start of Ignition Max. Cyl. 
U R I E Power Injection Ignition Delay Pressure 
L S M P kW deg. from TDC deg. crank kPa 
S 2 2 1 42.77 -13.00 0.50 13.50 6036.88 
S 2 2 2 43.21 -13.25 0 13.25 6127.03 
S 2 2 3 42.92 -13.50 -0.25 13.25 6147.86 
S 2 2 1 0 -7.75 11.25 19.00 4249.25 
S 2 2 2 0 -7.75 11.00 18.75 4392.44 
S 2 2 3 0 -8.00 11.25 19.25 4376.77 
S 2 2 1 22.16 -10.75 5.25 16.00 5032.34 
S 2 2 2 21.64 -11.00 5.50 16.50 5026.62 
S 2 2 3 21.93 -10.50 5.75 16.25 4984.34 
S 2 2 1 48.23 -13.75 -1.50 12.25 6719.17 
S 2 2 2 47.89 -14.00 -1.50 12.50 6728,97 
S 2 2 3 48.32 -13.50 -0.75 • 12.75 6725.93 
S 2 2 1 11.11 -8.75 8.75 17.50 4383.99 
S 2 2 2 10.91 -9.00 8.75 17.75 4681.47 
S 2 2 3 11.24 -9.25 8.75 18.00 4519.45 
S 2 2 1 32.73 -12.25 2.25 14.50 5708.56 
S 2 2 2 32.61 -12.50 2.25 14.75 5860.24 
S 2 2 3 32.76 -12.50 1.75 14.25 5661.73 
T 1 1 1 50.18 -19.00 -7.00 12.00 7358.15 
T 1 1 2 50.12 -18.75 —6.00 12.75 7407.81 
T 1 1 3 50.35 -19.25 -6.75 12.50 7639.01 
T 1 1 1 0 -13.00 4.25 17.25 4998.48 
T 1 1 2 0 -12.50 4.25 16.75 5044.90 
T 1 1 3 0 -12.75 3.75 16.50 5011.86 
T 1 1 1 25.06 -15.00 -1.75 13.25 5749.74 
T 1 1 2 25.26 -15.50 -1.75 13.75 5463.50 
T 1 1 3 25.65 -15.25 -1.50 13.75 5744.64 
T 1 1 1 55.37 -19.75 -7.25 12.50 8095.82 
T 1 1 2 55.41 -19.25 -7.00 12.25 8085.13 
T 1 1 3 56.17 -20.00 -8.00 12.00 8151.14 
T 1 1 1 12.46 -14.25 1.00 15.25 5342.38 
T 1 1 2 12.41 -14.00 1.00 15.00 5402.66 
T 1 1 3 12.33 -13.75 1.50 15.25 5454.05 
T 1 1 1 37.56 -17.25 -4.50 12.75 6168.21 
T 1 1 2 37.32 -17.25 -4.25 13.00 6356.02 
T 1 1 3 38.04 -17.00 -3.75 13.25 6366.71 
T 1 2 1 48.03 -13.00 -0.25 12.75 6293.67 
T 1 2 2 47.62 -13.00 -0.50 12.50 6391.54 
T 1 2 3 47.64 -12.50 -1.00 11.50 6625.57 
T 1 2 1 0 -6.00 11.75 17.75 4664.23 
T 1 2 2 0 -6.75 12.75 19.50 4629.12 
T 1 2 3 0 -6.50 11.75 18.25 4502.42 
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Table B.7. (continued) 
F P T R Brake Start of Start of Ignition Max. Cyl. 
U R I E Power Injection Ignition Delay . Pressure 
L S H P kW deg. from TDC deg. crank kPa 
T 1 2 1 24.17 -8.75 6.75 15.50 5047.66 
T 1 2 2 24.64 -8.75 5.75 14.50 4898.95 
T 1 2 3 24.01 -9.00 5.50 14.50 5047.03 
T 1 2 1 53.34 -13.75 -2.25 11.50 6991.62 
T 1 2 2 53.53 -14.00 -1.75 12.25 6854.29 
T 1 2 3 54.99 -14.25 -2.50 11.75 6873.47 
T 1 2 1 11.90 -7.25 8.50 15.75 4794.31 
T 1 2 2 11.72 -6.75 8.00 14.75 4469.38 
T 1 2 3 11.90 -7.00 8.75 15.75 4775.07 
T 1 2 1 36.18 -11.25 2.25 13.50 5400.18 
T 1 2 2 35.93 -10.75 3.25 14.00 5514.26 
T 1 2 3 36.11 -11.00 2.25 13.25 5474.47 
T 2 1 1 41.48 -19.00 -5.75 13.25 7873.07 
T 2 1 2 41.13 -19.25 -5.75 13.50 7755.00 
T 2 1 3 41.03 -19.00 -5.50 13.50 7732.68 
T 2 1 1 0 -12.75 2.50 15.25 4978.82 
T 2 1 2 0 -13.00 3.00 15.00 5044.90 
T 2 1 3 0 -12.75 2.50 15.25 5232.16 
T 2 1 1 21.23 -16.50 -2.25 14.25 6387.13 
T 2 1 2 20.76 -16.25 -2.25 14.00 6306.36 
T 2 1 3 21.06 -16.75 -2.50 14.25 6482.31 
T 2 1 1 45.56 -19.50 -6.25 13.25 8195.08 
T 2 1 2 45.79 -19.75 -6.50 13.25 8328.75 
T 2 1 3 46.18 -19.75 -6.75 13.00 8553.26 
T 2 1 1 10.65 -14.50 0.25 14.75 5455.05 
T 2 1 2 10.47 -14.75 0.25 14.50 5570.72 
T 2 1 3 10.84 -14.75 -0.25 14.50 5309.34 
T 2 1 1 30.78 -18.00 -4.25 13.75 6998.93 
T 2 1 2 31.17 -17.75 -4.00 13.75 7103.84 
T 2 1 3 31.16 -17.50 -3.50 14.00 7016.38 
T 2 2 1 42.02 -13.50 -0.75 12.75 6380.23 
T 2 2 2 41.57 -13.25 -0.25 13.00 6063.85 
T 2 2 3 41.88 -13.00 -0.50 12.50 6158.14 
T 2 2 1 0 -8.00 10.00 18.00 4109.63 
T 2 2 2 0 -7.75 10.00 17.75 4090.50 
T 2 2 3 0 -7.75 10.25 18.00 4114.27 
T 2 2 1 21.05 -10.50 14.50 15.00 4987.30 
T 2 2 2 21.14 -10.75 3.75 14.50 5089.66 
T 2 2 3 20.96 -11.00 4.25 15.25 5041.17 
T 2 2 1 47.11 -14.00 -2.00 12.00 6895.95 
T 2 2 2 48.32 -13.75 -1.50 12.25 7002.86 
T 2 2 3 47.71 -14.25 -2.50 11.75 6853.95 
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Table B.7. (continued) 
F P T R Brake Start of Start of Ignition Max. Cyl. 
U R I E  Power Injection lanltion Delay Pressure 
L S M P  kW deg. from TDC deg. crank kPa 
T 2 2 1 10.47 -9.00 7.00 16.00 4516.21 
T 2 2 2 10.25 -9.50 7.25 16.75 4502.42 
T 2 2 3 10.49 -9.00 7.25 16.25 4329.36 
T 2 2 1 32.40 -12.50 1.00 13.50 5477.29 
T 2 2 2 31.15 -12.25 1.00 13.25 5626.00 
T 2 2 3 32.16 -12.25 1.50 13.75 5469.91 
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Table C.I. Regression equations for the brake specific fuel consumption 
of each fuel types at 4 different injection pressure and 
timing combinations 
Combination Regression Equation* Rz 
No. 2 diesel 
P1T1 BSFCM = 0. 5209 - 0. ,0117 CBPOW + 1. 1E-4 CBP0W2 0. 9806 
P1T2 BSFCM = c. 5907 - 0. 0137 CBPOW + 1. 3E-4 CBP0W2 0. 9482 
P2T1 BSFCM = 0. 6101 - 0. 0179 CBPOW + 2. 2E-4 CBP0W2 0. 9769 
P2T2 BSFCM — 0. 6572 - 0. 0198 CBPOW + 2. 3E-4 CBP0W2 0. 9699 
Methyl soyoi1 ester 
P1T1 BSFCM 0. 6431 — 0. 0167 CBPOW + 1. 8E-4 CBP0W2 0. 9852 
P1T2 BSFCM — 0. 6577 - 0. 0157 CBPOW + 1. 5E-4 CBP0W2 0. 9423 
P2T1 BSFCM - 0. 7530 - 0. 0246 CBPOW + 3. 2E-4 CBP0W2 0. 9653 
P2T2 BSFCM 
-
0. 7157 - 0. 0210 CBPOW + 2. 5E-4 CBP0W2 0. 9979 
Methyl tallow ester 
P1T1 BSFCM 0. 6455 — 0. 0168 CBPOW + 1. 8E-4 CBP0W2 0. 9827 
P1T2 BSFCM - 0. 6439 - 0. 0155 CBPOW + 1. 5E-4 CBP0W2 0. 9804 
P2T1 BSFCM - 0. 7074 - 0. 0220 CBPOW + 2. 8E-4 CBP0W2 0. 9820 
P2T2 . BSFCM 0. 7542 0. 0236 CBPOW + 2. 9E-4 CBP0W2 0. 9634 
®The form of equation is BSFCM = bo + bi CBPOW + bz CBPOW^ , where: 
BSFCM = Brake specific fuel consumption, kg/kWhr 
CBPOW = Corrected brake power, kW, and 
bo, bi and bz = Regression constants. 
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Table C.2. Regression equations for the fuel-air ratio of each fuel 
types at 4 different injection pressure and timing 
combinations 
Combination Regression Equation* R2 
CM é diesel 
P1T1 FAR 0.0104 + 4.2E-4 CBPOW + 1.7E-6 CBP0W2 0.9980 
P1T2 FAR = 0.0129 + 4.5E-4 CBPOW + 4.0E-7 CBP0W2 0.9757 
P2T1 FAR = 0.0099 + 4.3E-4 CBPOW + 2.9E-6 CBP0W2 0.9984 
P2T2 FAR = 0.0122 + 3.7E-4 CBPOW + 3.2E-6 CBP0W2 0.9740 
Methyl soyoi1 ester 
P1T1 FAR 0.0124 + 4.SE-4 CBPOW + 2.7E-6 CBP0W2 0.9987 
P1T2 FAR = 0.0131 + 5.4E-4 CBPOW + 5.0E-7 CBP0W2 0.9790 
P2T1 FAR = 0.0116 + 4.8E-4 CBPOW + 3.1E-6 CBP0W2 0.9974 
P2T2 FAR = 0.0128 + 4.8E-4 CBPOW + 3.5E-6 CBP0W2 0.9975 
Methyl tallow ester 
P1T1 FAR = 0.0119 + 4.9E-4 CBPOW + 2.1E-6 CBP0W2 0.9988 
P1T2 FAR Z 0.0124 + 5.9E-4 CBPOW + 3.0E-7 CBP0W2 0.9822 
P2T1 FAR = 0.0112 + 4,6E-4 CBPOW + 3.6E-6 CBP0W2 0.9991 
P2T2 FAR 0.0122 + 5.1E-4 CBPOW + 2.8E-6 CBP0W2 0.9962 
®The form of equation is FAR = bo + bi CBPOW + ba CBP0W2, where: 
FAR = Fuel-air ratio 
CBPOW = Corrected brake power, kW, and 
bo, bi and bz = Regression constants. 
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Table C.3. Regression equations for the fuel-air equivalence ratio of 
each fuel types at 4 different injection pressure and timing 
combinations 
Combination Regression Equation® R2 
No. 2 diesel 
P1T1 EQUIVR 0. 1498 + 0. 0060 CBPOW + 2. 4E-•5 CBP0W2 0. 9980 
P1T2 EQUIVR = 0. 1860 + 0. 0065 CBPOW + 5. 8E-•6 CBP0W2 0. 9756 
P2T1 EQUIVR = 0. 1437 + 0. 0062 CBPOW + 4. 2E-•5 CBP0W2 0. 9984 
P2T2 EQUIVR = 0. 1760 + 0. 0054 CBPOW + 4. 7E-•5 CBP0W2 0. 9741 
Methyl soyoi1 ester 
P1T1 EQUIVR 0. 1509 + 0. 0055 CBPOW + 3. 3E-•5 CBP0W2 0. 9987 
P1T2 EQUIVR = 0. 1596 + 0. 0066 CBPOW + 7. OE-•6 CBP0W2 0. 9788 
P2T1 EQUIVR = 0. 1406 + 0. 0058 CBPOW + 3. 8E-•5 CBP0W2 0. 9976 
P2T2 EQUIVR = 0. 1550 + 0. 0058 CBPOW + 4. 2E-•5 CBP0W2 0. 9975 
Methyl tallow ester 
P1T1 EQUIVR = 0. 1487 + 0. 0061 CBPOW + 2. 6E-•5 CBP0W2 0. 9988 
P1T2 EQUIVR = 0. 1429 + 0. 0074 CBPOW + 3. 6E-•6 CBP0W2 0. 9822 
P2T1 EQUIVR = 0. 1401 + 0. 0057 CBPOW + 4. 6E-•5 CBP0W2 0. 9991 
P2T2 EQUIVR — 0. 1521 + 0. 0064 CBPOW + 3. 5E-•5 CBP0W2 0. 9962 
»The form of equation is EQUIVR = bo + bi CBPOW + b: CBPOW^ , where: 
EQUIVR = Fuel-air equivalence ratio, 
CBPOW = Corrected brake power, kW, and 
bo, bi and bz = Regression constants. 
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Table C.4. Regression equations for the start of fuel injection of 
each fuel types at 4 different injection pressure and timing 
combinations 
Combination Regression Equation* R2 
No. 2 diesel 
P1T1 SINJ = -10.8482 - 0.1008 CBPOW - 8.5E-4 CBP0W2 0.9920 
P1T2 SINJ = -7.5079 - 0.0335 CBPOW - 2.0E-3 CBP0W2 0.9836 
P2T1 SINJ = -11.6030 - 0.1552 CBPOW + 1.4E-5 CBP0W2 0.9943 
P2T2 SINJ = -7.9816 - 0.1202 CBPOW + 4.9E-4 CBP0W2 0.9855 
Methyl soyoil ester 
P1T1 SINJ = -12.2435 - 0.1288 CBPOW - 1.6E-4 CBP0W2 0.9942 
P1T2 SINJ = -6.4665 - 0.0991 CBPOW - 1.1E-3 CBP0W2 0.9890 
P2T1 SINJ = -13.3340 - 0.1740 CBPOW + 9.2E-4 CBP0W2 0.9889 
P2T2 SINJ = -7.6732 - 0.1532 CBPOW + 5.3E-4 CBP0W2 0.9854 
Methyl tallow ester 
P1T1 SINJ = -12.7423 - 0.0890 CBPOW - 6.7E-4 CBP0W2 0.9917 
P1T2 SINJ= -6.2335 - 0.0783 CBPOW - 1.3E-3 CBP0W2 0.9896 
P2T1 SINJ = -12.8253 - 0.1872 CBPOW + 8.4E-4 CBP0W2 0.9953 
P2T2 SINJ = -7.7614 - 0.1530 CBPOW + 4.7E-4 CBP0W2 0.9903 
»The form of equation is SINJ = bo + bi CBPOW + bz CBP0W2, where: 
SINJ = Start of injection, deg. from TDC, 
CBPOW = Corrected brake power, kW, and 
bo, bi and ba = Regression constants. 
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Table C.5. Regression equations for the ignition delay of each fuel 
types at 4 different injection pressure and timing 
combinations 
Combination Regression Equation* • Rz 
CM é diesel 
P1T1 IGNDEL 22. 6467 _ 0. 1545 CBPOW + 6. OE--4 
1
 
CD O
 0. 9737 
P1T2 IGNDEL = 26. 6096 - 0. 2834 CBPOW + 1. 2E--3 CBP0W2 0. 9499 
P2T1 IGNDEL = 16. 8629 - 0. 0463 CBPOW - 3. OE--4 CBP0W2 0. 9798 
P2T2 IGNDEL = 20. 9324 - 0. 1289 CBPOW — 7. 6E--4 CBP0W2 0. 9909 
Methyl soyoil ester 
P1T1 IGNDEL 20. 5946 - 0. 1809 CBPOW + 1. 2E-•3 
1
 
8
 0. 9810 
P1T2 IGNDEL = 21. 7380 - 0. 2044 CBPOW + 8. 3E-•4 CBP0W2 0. 9618 
P2T1 IGNDEL = 16. 1944 - 0. 0528 CBPOW - 1. 1E-•4 CBP0W2 0. 9833 
P2T2 IGNDEL 19. 0673 - 0. 1271 CBPOW - 2. OE-•4 CBP0W2 0. 9915 
Methyl tallow ester 
P1T1 IGNDEL = 16. 8294 — 0. 1550 CBPOW + 1. 3E-•3 CBP0W2 0. 9749 
P1T2 IGNDEL = 18. 1379 - 0. 1759 CBPOW + 1. 1E-•3 CBP0W2 0. 9218 
P2T1 IGNDEL = 15. 1311 - 0. 0472 CBPOW + 1. 2E-•4 CBP0W2 0. 9671 
P2T2 IGNDEL = 17. 9205 - 0. 1615 CBPOW + 8. 2E-•4 CBP0W2 0. 9820 
®The form of equation is IGNDEL = bo + bi CBPOW + bz CBPOW^ , where: 
IGNDEL = Ignition delay, deg. crank, 
CBPOW = Corrected brake power, kW, and 
bo, bi and bz = Regression constants. 
Table C.6. Regression equations for the cylinder peak pressure of each 
fuel types at 4 different injection pressure and timing 
combinations 
Combination Regression Equation* R2 
No. 2 diesel 
P1T1 CPMAX = 4551.65 + 2.1351 CBPOW + 0.7216 CBP0W2 0.9785 
P1T2 CPMAX = 3736.02 + 1.2137 CBPOW + 0.7249 CBP0W2 0.9795 
P2T1 CPMAX = 4805.36 + 45.5630 CBPOW + 0.5382 CBP0W2 0.9793 
P2T2 CPMAX = 3775.17 + 22.9194 CBPOW + 0.7258 CBP0W2 0.9927 
Methyl soyoil ester 
P1T1 CPMAX = 4926.91 + 9.5326 CBPOW + 0.7839 CBP0W2 0.9797 
P1T2 CPMAX = 4648.64 - 2.0035 CBPOW + 0.8515 CBP0W2 0.9769 
P2T1 CPMAX = 5108.24 + 64.6339 CBPOW + 0.3098 CBP0W2 0.9917 
P2T2 CPMAX = 4306.70 + 19.7337 CBPOW + 0.6030 CBP0W2 0.9798 
Methyl tallow ester 
P1T1 CPMAX = 5109.02 - 3.5061 CBPOW + 1.0124 CBP0W2 0.9870 
P1T2 CPMAX = 4614.87 - 8.0642 CBPOW + 0,9407 CBP0W2 0.9829 
P2T1 CPMAX = 5033.66 + 47.5587 CBPOW + 0.5233 CBP0W2 0.9878 
P2T2 CPMAX = 4129.57 + 23.7852 CBPOW + 0.6831 CBP0W2 0.9866 
®The form of equation is CPMAX = bo + bi CBPOW + ba CBPOWZ, where: 
CPMAX = Cylinder peak pressure, kPa, 
CBPOW = Corrected brake power, kW, and 
bo, bi and bz = Regression constants. 
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Table C.7. Regression equations for the mechanical effiency of each 
fuel types at 4 different injection pressure and timing 
combinations 
Combination Regression Equation* R2 
No. 2 diesel 
P1T1 EFFME = 3.0430 CBPOW - 0.0286 CBP0W2 0.9960 
P1T2 EFFME = 3.0025 CBPOW - 0.0297 CBP0W2 0.9968 
P2T1 EFFME = 3.8008 CBPOW - 0.0457 CBP0W2 0.9971 
P2T2 EFFME = 3.2700 CBPOW - 0.0358 CBP0W2 0.9970 
Methyl soyoil ester 
P1T1 EFFME = 2.9850 CBPOW - 0.0291 CBP0W2 0.9961 
P1T2 EFFME = 3.1171 CBPOW - 0.0316 CBP0W2 0.9965 
P2T1 EFFME = 3.5994 CBPOW - 0.0420 CBP0W2 0.9944 
P2T2 EFFME = 3.2842 CBPOW - 0.0371 CBP0W2 0.9970 
Methyl tallow ester 
P1T1 EFFME = 3.2568 CBPOW - 0.0337 CBP0W2 0.9956 
P1T2 EFFME = 3.4720 CBPOW - 0.0375 CBP0W2 0.9957 
P2T1 EFFME = 3.5685 CBPOW - 0.0419 CBP0W2 0.9969 
P2T2 EFFME = 3.4844 CBPOW - 0.0400 CBP0W2 0.9960 
•The form of equation is EFFME = bi CBPOW + ba CBPOW^ , where: 
EFFME = Mechanical efficiency, % 
CBPOW = Corrected brake power, kW, and 
bi and bz = Regression constants. 
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Table C.B. Regression equations for the brake thermal efficiency of 
each fuel types at 4 different injection pressure and 
timing combinations 
Combination Regression Equation* Rz 
No. 2 diesel 
P1T1 EFFBT = 10.2377 + 0.9666 CBPOW - 0.0079 CBP0W2 0.9918 
P1T2 EFFBT = 10.4667 + 0.7478 CBPOW - 0.0041 CBP0W2 0.9619 
P2T1 EFFBT = 8.0314 + 1.1357 CBPOW - 0.0122 CBP0W2 0.9870 
P2T2 EFFBT = 6.0296 + 1.1904 CBPOW - 0.0122 CBP0W2 0.9342 
Methyl soyoil ester 
P1T1 EFFBT = 8.5210 + 1.0913 CBPOW - 0.0101 CBP0W2 0.9971 
P1T2 EFFBT = 11.8600 + 0.7085 CBPOW - 0.0039 CBP0W2 0.9370 
P2T1 EFFBT = 7.0250 + 1.1949 CBPOW - 0.0131 CBP0W2 0.9810 
P2T2 EFFBT = 6.0296 + 1.1904 CBPOW - 0.0122 CBP0W2 0.9342 
Methyl tallow ester 
P1T1 EFFBT = 8.8273 + 1.0803 CBPOW - 0.0098 CBPOW: 0.9945 
P1T2 EFFBT = 10.1190 + 0.8840 CBPOW - 0.0067 CBP0W2 0.9729 
P2T1 EFFBT = 7.9652 + 1.1775 CBPOW - 0.0129 CBP0W2 0.9930 
P2T2 EFFBT = 7.5776 + 1.1104 CBPOW - 0.0112 CBP0W2 0.9787 
*The form of equation is EFFBT = bo + bi CBPOW + bz CBP0W2, where: 
EFFBT = Brake thermal efficiency, %, 
CBPOW = Corrected brake power, kW, and 
bo, bi and bz = Regression constants. 
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Table C.9. Regression equations for the exhaust temperature of each 
fuel types at 4 different injection pressure and timing 
combinations 
Combination Regression Equation* Rz 
No. 2 diesel 
P1T1 TEXH = 207. 4405 + 5. 9143 CBPOW + 0. 0038 CBP0W2 0. 9970 
P1T2 TEXH = 260. 3501 + 7. 6026 CBPOW - 0. 0197 CBP0W2 0. 9945 
P2T1 TEXH = 214. 2702 + 5. 1827 CBPOW + 0. ,0413 CBP0W2 0. 9989 
P2T2 TEXH = 246. 2006 + 5. 7674 CBPOW + 0. 0231 CBP0W2 0. 9963 
Methyl soyoi1 ester 
P1T1 TEXH = 211. 7657 + 5. 2483 CBPOW + 0. 0154 CBP0W2 0. 9987 
P1T2 TEXH = 229. 5722 + 7. 8066 CBPOW - 0. 0258 CBP0W2 0. 9987 
P2T1 TEXH = 212. 0897 + 4. 6643 CBPOW + 0. 0503 CBP0W2 0. 9969 
P2T2 TEXH = 226. 4039 + 6. 4495 CBPOW + 0. 0113 CBP0W2 0. 9982 
Methyl tallow ester 
P1T1 TEXH = 209. 6273 + 5. 4945 CBPOW + 0. 0122 CBP0W2 0. 9987 
P1T2 TEXH = 228. 6274 + 7. 6302 CBPOW - 0. 0207 CBP0W2 0. 9939 
P2T1 TEXH = 206. 9016 + 5. 0017 CBPOW + 0. 0416 CBP0W2 0. 9938 
P2T2 TEXH = 222. 1976 + 6. 5818 CBPOW + 0. 0090 CBP0W2 0. 9941 
«The form of equation is TEXH = bo + bi CBPOW + bz CBPOW^ , where: 
TEXH = Exhaust temperature, 'C, 
CBPOW = Corrected brake power, kW, and 
bo, bi and bz = Regression constants. 
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Table C.10. Regression equations for the lubricating oil temperature at 
engine sump of each fuel types at 4 different injection 
pressure and timing combinations 
Combination Regression Equation* R2 
No. 2 diesel 
P1T1 T0IL1 = 98. 9080 + 0. 0702 CBPOW + 1. 2E-3 CBP0W2 0. 9926 
P1T2 TOI LI = 98. 8302 + 0. 1052 CBPOW + 8. OE-4 CBP0W2 0. 9944 
P2T1 T0IL1 = 98. 5695 + 0. 0735 CBPOW + 1. 1E-3 CBP0W2 0. 9890 
P2T2 T0IL1 = 99. 5957 + 0. 0834 CBPOW + 8. OE-4 CBP0W2 0. 9886 
Methyl soyoi1 ester 
P1T1 TOI LI 98. 3189 + 0. 0656 CBPOW + 1. 6E-3 CBP0W2 0. 9956 
P1T2 T0IL1 = 97. 6204 + 0. 0964 CBPOW + 6. 6E-4 CBP0W2 0. 9957 
P2T1 T0IL1 = 98. 1219 + 0. 0912 CBPOW + 7. 7E-4 CBP0W2 0. 9923 
P2T2 T0IL1 = 98. 8138 + 0. 1115 CBPOW + 1. 8E-4 CBPOW: 0. 9943 
Methyl tallow ester 
P1T1 T0IL1 = 97. 6415 + 0. 0922 CBPOW + 1. OE-3 CBP0W2 0. 9946 
P1T2 TOI LI = 97. 1998 + 0. 0794 CBPOW + 1. 1E-3 CBP0W2 0. 9938 
P2T1 T0IL1 = 97. 9086 + 0. 0700 CBPOW + 1. OE-3 CBP0W2 0. 9904 
P2T2 T0IL1 = 98. 1969 + 0. 1085 CBPOW + 2. 5E-4 CBP0W2 0. 9971 
•The form of equation is T0IL1 = bo + bi CBPOW + bz CBPOW^ , where; 
T0IL1 = Lubricating oil temperature at engine sump, °C 
CBPOW = Corrected brake power, kW, and 
bo, bi and bz = Regression constants. 
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Table C.11. Regression equations for the lubricating oil temperature at 
main oil gallery of each fuel types at 4 different injection 
pressure and timing combinations 
Combination Regression Equation* Rz 
No. 2 diesel 
P1T1 T0IL2 98. 4055 + 0. 0624 CBPOW + 8. 4E--4 CBP0W2 0. 9909 
P1T2 T0IL2 = 97. 2582 + 0. 0803 CBPOW + 8. 7E-•4 CBP0W2 0. 9793 
P2T1 T0IL2 = 97. 8873 + 0. 0806 CBPOW + 5. 1E--4 CBP0W2 0. 9942 
P2T2 T0IL2 = 98. 7801 + 0. 0838 CBPOW + 3. 4E--4 CBP0W2 0. 9648 
Methyl soyoi1 ester 
P1T1 T0IL2 97. 7961 + 0. 0567 CBPOW + 1. 2E--3 CBP0W2 0. 9906 
P1T2 T0IL2 = 97. 1625 + 0. 0779 CBPOW + 5. 6E-•4 CBP0W2 0. 9508 
P2T1 T0IL2 = 97. 4943 + 0. 0925 CBPOW + 3. 4E-•4 CBP0W2 0. 9916 
P2T2 T0IL2 = 98. 2804 + 0. 0947 CBPOW + 9. 7E--5 CBP0W2 0. 9920 
Methyl tallow ester 
P1T1 T0IL2 97. 2757 + 0. 0350 CBPOW + 1. 6E-•3 CBP0W2 0. 9916 
P1T2 T0IL2 = 97. 0834 + 0, 0628 CBPOW + 8. 9E-•4 CBP0W2 0. 9491 
P2T1 T0IL2 = 97. 1518 + 0. 0912 CBPOW + 2. 7E-•4 CBP0W2 0. 9870 
P2T2 T0IL2 = 97. 7666 + 0. 1028 CBPOW - 4. 1E-•4 CBP0W2 0. 9832 
*The form of equation is T0IL2 = bo + bi CBPOW + ba CBPOW^ , where: 
T0IL2 = Lubricating oil temperature at main oil gallery, 'C, 
CBPOW = Corrected brake power, kW, and 
bo, bi and ba = Regression constants. 
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Table C.12. Regression equations for the energy rejected to coolant of 
each fuel types at 4 different injection pressure and timing 
combinations 
Combination Regression Equation* RZ 
No. 2 diesel 
P1T1 ENERC 34, 1789 — 0. 4887 CBPOW + 0. 0048 CBP0W2 0. 9659 
P1T2 ENERC = 34. 8604 - 0. 6493 CBPOW + 0. 0078 CBP0W2 0. 9595 
P2T1 ENERC = 34. 7869 - 0. 6507 CBPOW + 0. 0082 CBP0W2 0. 9602 
P2T2 ENERC = 35. 5112 - 0. 5732 CBPOW + 0. 0065 CBP0W2 0. 9859 
Methyl soyoi1 ester 
P1T1 ENERC 34. 3211 — 0. 5335 CBPOW + 0. 0059 CBP0W2 0. 9526 
P1T2 ENERC = 35. 2874 - 0. 7110 CBPOW + 0. 0091 CBP0W2 0. 9651 
P2T1 ENERC = 35. 6459 - 0. 7196 CBPOW + 0. 0092 CBP0W2 0. 9452 
P2T2 ENERC 36. 3532 - 0. 6559 CBPOW + 0. 0079 CBP0W2 0. 9611 
Methyl tallow ester 
P1T1 ENERC 35. 2097 — 0. 5590 CBPOW + 0. 0061 CBP0W2 0. 9625 
P1T2 ENERC = 36. 2647 - 0. 7283 CBPOW + 0. 0090 CBP0W2 0. 9737 
P2T1 ENERC z 34. 3300 - 0. 6443 CBPOW + 0. 0083 CBP0W2 0. 9705 
P2T2 ENERC = 35. 5464 - 0. 6056 CBPOW + 0. 0068 CBPOW: 0. 9774 
®The form of equation is ENERC = bo + bi CBPOW + bz CBPOW^ , where: 
ENERC = Energy rejected to coolant, % 
CBPOW = Corrected brake power, kW, and 
bo, bi and bz = Regression constants. 
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Table C.13. Regression equations for the carbon dioxide emissions of 
each fuel types at 4 different injection pressure and timing 
combinations 
Combination Regression Equation* Rz 
No. 2 diesel 
P1T1 C02 = 1. 8728 + 0.0730 CBPOW + 6. 4E-4 CBP0W2 0. 9960 
P1T2 C02 r 2. 1557 + 0.0797 CBPOW + 6. 6E-4 CBP0W2 0. 9924 
P2T1 C02 = 1. 9553 + 0.0631 CBPOW + 1. OE-3 CBP0W2 0. 9905 
P2T2 C02 = 2. 1689 + 0.0592 CBPOW + 1. 1E-3 CBP0W2 0. 9750 
Methyl soyoil ester 
P1T1 C02 2. 1230 + 0.0670 CBPOW + 7. 4E-4 CBP0W2 0. 9968 
P1T2 C02 = 1. 9356 + 0.0900 CBPOW + 3. 2E-4 CBP0W2 0. 9968 
P2T1 C02 = 1. 4715 + 0.0502 CBPOW + 1. 2E-3 CBP0W2 0. 8796 
P2T2 C02 = 2. 1327 + 0.0758 CBPOW + 8. 4E-4 CBP0W2 0. 9838 
Methyl tallow ester 
P1T1 C02 2. 1414 + 0.0708 CBPOW + 7. 2E-4 CBP0W2 0. 9919 
P1T2 C02 = 1. 9640 + 0.0866 CBPOW + 5. 1E-4 CBP0W2 0. 9885 
P2T1 C02 = 1. 8659 + 0.0707 CBPOW + 7. 7E-4 CBP0W2 0. 9964 
P2T2 C02 2. 0018 + 0.0898 CBPOW + 3. 8E-4 CBP0W2 0. 9813 
«The form of equation is C02 = bo + bi CBPOW + b: CBPOW^, where: 
C02 = Carbon dioxide emissions, %, 
CBPOW = Corrected brake power, kW, and 
bo, bi and bz = Regression constants. 
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Table C.14. Regression equations for the oxygen content In the exhaust 
emission of each fuel types at 4 different Injection 
pressure and timing combinations 
Combination Regression Equation» R2 
No. 2 diesel 
P1T1 02 - 18.3148 — 0. 1122 CBPOW — 6.4E-4 CBP0W2 0. 9920 
P1T2 02 = 17.7707 - 0. 1260 CBPOW - 6.6E-4 CBP0W2 0. 9896 
P2T1 02 s 18.0168 - 0. 1101 CBPOW - 9.7E-4 CBP0W2 0. 9755 
P2T2 02 = 18.0177 — 0. 0919 CBPOW - 1.4E-3 CBP0W2 0. 9513 
Methyl soyoi1 ester 
P1T1 02 17.6711 — 0. 1105 CBPOW — 5.4E-4 CBP0W2 0. 9846 
P1T2 02 = 17.9532 - 0. 1385 CBPOW - 1.5E-4 CBP0W2 0. 9892 
P2T1 02 s 19.2848 - 0. 0820 CBPOW - 1.4E-3 CBP0W2 0. 9087 
P2T2 02 = 17.5888 - 0. 1221 CBPOW - 5.9E-4 CBP0W2 0. 9873 
Methyl tallow ester 
P1T1 02 18.0055 - 0. 1139 CBPOW — 5.3E-4 CBP0W2 0. 9917 
P1T2 02 = 17.9564 - 0. 1288 CBPOW - 3.9E-4 CBP0W2 0. 9816 
P2T1 02 = 18.3610 - 0. 1088 CBPOW - 8.4E-4 CBP0W2 0. 9966 
P2T2 02 = 18.2016 0. 1412 CBPOW - 2.6E-4 CBP0W2 0. 9661 
"The form of equation is 02 = bo + bi CBPOW + bz CBPOW^ , where: 
02 = Oxygen content in exhaust emission, %, 
CBPOW = Corrected brake power, kW, and 
bo, bi and bz = Regression constants. 
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Table C.15. Regression equations for the carbon monoxide emissions of 
each fuel types at 4 different injection pressure and timing 
combinations 
Combination Regression Equation* RZ 
No. 2 diesel 
P1T1 CO = 702. 3782 — 16. 5911 CBPOW + 0. 1833 CBP0W2 0. 7908 
P1T2 CO = 1374. 9345 - 39. 3196 CBPOW + 0. 3789 CBP0W2 0. 9650 
P2T1 CO = 583. 4486 - 36. 6514 CBPOW + 1. 1022 CBP0W2 0. 8755 
P2T2 CO = 910. 7420 — 50. 7656 CBPOW + 1. 1593 CBP0W2 0. 6009 
Methyl soyoi1 ester 
P1T1 CO = 536. 6157 - 10. 6446 CBPOW + 0. 1248 CBP0W2 0. 6503 
P1T2 CO = 1010. 1422 - 24. 4944 CBPOW + 0. 2102 CBP0W2 0. 9670 
P2T1 CO = 395. 3391 - 23. 3636 CBPOW + 0. 8405 CBP0W2 0. 7968 
P2T2 CO = 592. 4106 — 32. 9671 CBPOW + 0. 8723 CBP0W2 0. 8274 
Methyl tallow ester 
P1T1 CO = 320. 7738 — 3. 6342 CBPOW + 0. 0411 CBP0W2 0. 2460 
P1T2 CO = 591. 8713 - 9. 6123 CBPOW + 0. 0810 CBP0W2 0. 9100 
P2T1 CO = 376. 2092 - 25. 0107 CBPOW + 0. 8134 CBP0W2 0. 8471 
P2T2 CO = 402. 7912 - 24. 2412 CBPOW + 0. 7314 CBP0W2 0. 8179 
®The form of equation is CO = bo + bi CBPOW + bz CBPOW^, where: 
CO = Carbon monoxide emissions, ppm, 
CBPOW = Corrected brake power, kW, and 
bo, bi and bz = Regression constants. 
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Table C.16. Regression equations for the unburned hydrocarbon emissions 
for each fuel types at 4 different Injection pressure and 
timing combinations 
Combination Regression Equation* R2 
No. 2 diesel 
P1T1 HC = 112.4361 - 3.6708 CBPOW + 0.0396 CBP0W2 0.8100 
P1T2 HC = 636.1425 - 27.5657 CBPOW + 0.3041 CBP0W2 0.9313 
P2T1 HC = 73.8661 - 1.7724 CBPOW + 0.0365 CBP0W2 0.7766 
P2T2 HC = 209.8612 - 9.9282 CBPOW + 0.1530 CBPOW: 0.8170 
Methyl soyoil ester 
P1T1 HC = 54.7461 - 0.7792 CBPOW + 0.0046 CBP0W2 0.7893 
P1T2 HC = 193.2728 - 6.7715 CBPOW + 0.0666 CBP0W2 0.9288 
P2T1 HC = 30.3160 - 0.5631 CBPOW + 0.0227 CBP0W2 • 0.6283 
P2T2 HC = 67.5663 - 2.1988 CBPOW + 0.0418 CBP0W2 0.6573 
Methyl tallow ester 
P1T1 HC = 38.0609 - 0.2853 CBPOW + 0.0003 CBP0W2 0.3917 
P1T2 HC = 85.5801 - 2.4115 CBPOW + 0.0231 CBP0W2 0.9163 
P2T1 HC = 23.6253 + 0.2350 CBPOW + 0.0057 CBP0W2 0.5880 
P2T2 HC = 39.2770 - 0.2700 CBPOW + 0.0081 CBP0W2 0.1072 
*The form of equation is HC = bo + bi CBPOW + bz CBP0W2, where: 
HC = Unburned hydrocarbon emissions, ppm 
CBPOW = Corrected brake power, kW, and 
bo, bi and bz = Regression constants. 
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Table C.17. Regression equations for the oxides of nitrogen emissions 
for each fuel types at 4 different injection pressure and 
timing combinations 
Combination Regression Equation* R2 
No. 2 diesel 
P1T1 NOX = 207.1895 - 9.0620 CBPOW + 0.6667 CBP0W2 0.9527 
P1T2 NOX = 67.3133 - 1.6628 CBPOW + 0.2451 CBP0W2 0.9561 
P2T1 NOX = 62.0956 + 5.0813 CBPOW + 0.3029 CBPOW^ 0.9946 
P2T2 NOX = 75.6578 + 8.2306 CBPOW + 0.1890 CBP0W2 0.8669 
Methyl soyoil ester 
P1T1 NOX = 185.5466 - 10.9227 CBPOW + 0.8619 CBPOWZ 0.9619 
P1T2 NOX = 75.0062 - 1.9909 CBPOW + 0.3887 CBP0W2 0.9774 
P2T1 NOX = 90.4813 + 2.3142 CBPOW + 0.3189 CBP0W2 0.8272 
P2T2 NOX = 77.1193 + 8.7823 CBPOW + 0.2251 CBP0W2 0.9466 
Methyl tallow ester 
P1T1 NOX = 213.8489 - 13.9906 CBPOW + 0.9327 CBP0W2 0.9774 
P1T2 NOX = 96.0506 - 2.7394 CBPOW + 0.3892 CBP0W2 0.9675 
P2T1 NOX = 186.7607 - 1.1948 CBPOW + 0.5313 CBPOW: 0.9648 
P2T2 NOX = 70.7979 + 3.3399 CBPOW + 0.2968 CBP0W2 0.9298 
»The form of equation is NOX = bo + bi CBPOW + bz CBPOW?, where: 
NOX = Oxides of nitrogen emissions, ppm 
CBPOW = Corrected brake power, kW, and 
bo, bi and bz = Regression constants. 
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Table C.18. Regression equations for the smoke levels of each fuel types 
at 4 different injection pressure and timing combinations 
Combination Regression Equation* Rz 
No. 2 diesel 
P1T1 SMOKE 0. 9488 + 0. 0393 CBPOW — 2. 3E-4 CBP0W2 0. 7909 
P1T2 SMOKE = 0. 6962 + 0. 0342 CBPOW - 3. OE-5 CBP0W2 0. 9434 
P2T1 SMOKE r 1. 7718 - 0. 0304 CBPOW + 2. OE-3 CBP0W2 0. 8155 
P2T2 SMOKE = 1. 4038 + 0. 0249 CBPOW + 8. 5E-4 CBP0W2 0. 7637 
Methyl soyoi1 ester 
P1T1 SMOKE 0. 7961 — 0. 0007 CBPOW + 1. 4E-4 CBP0W2 0. 4928 
P1T2 SMOKE = 0. 1042 - 0. 0074 CBPOW + 3. 2E-4 CBP0W2 0. 8856 
P2T1 SMOKE = 0. 7447 - 0. 0484 CBPOW + 2. 1E-3 CBP0W2 0. 9431 
P2T2 SMOKE = 0. 8076 — 0. 0164 CBPOW + 1. OE-3 CBP0W2 0. 8829 
Methyl tallow ester 
P1T1 SMOKE 0. 7795 — 0. 0002 CBPOW + 1. 3E-4 CBP0W2 0. 6646 
P1T2 SMOKE = 0. 6815 + 0. 0202 CBPOW + 4. 9E-5 CBP0W2 0. 8766 
P2T1 SMOKE = 0. 7016 - 0. 0252 CBPOW + 1. 4E-3 CBP0W2 0. 9039 
P2T2 SMOKE = 0. 9068 - 0. 0179 CBPOW + 1. OE-3 CBP0W2 0. 8716 
®The form of equation is SMOKE = bo + bi CBPOW + bz CBPOW^, where: 
SMOKE = Smoke levels, bosch smoke no., 
CBPOW = Corrected brake power, kW, and 
bo, bi and bz = Regression constants. 
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APPENDIX D. PHOTOGRAPHS OF CONTAMINATED ENGINE PARTS 
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Figure D.I. Typical injector buildup at each treatment 
combination 
Figure D.2. Cylinder head of the test engine after 
completing the 4 treatment combinations 
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Figure 0.3. Combustion chamber of the test engine after 
completing all the 4 treatment combinations 
Figure D.4. Close-up of the No. 1 piston 
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Figure D.5. Close-up of the cylinder head at the 
combustion area for chamber No. 1 
Figure D.6. Close-up of the cylinder head at the 
combustion area for chamber No. 2 
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Figure D.7. Close-up of the cylinder head at the 
combustion area for chamber No. 3 
Figure 0.8. Close-up of the cylinder head at the 
combustion area for chamber No. 4 
